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PREFACE 
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Conference  held  in  Naples,  Florida  from  August  28  through  September  1 , 1989.  The  editors 
take  this  opportunity  to  thank  all  contributors  and  the  LEGS  staff  for  making  this  effort 
successful. 


Luis  R.  Elias 
Isidor  Kimel 
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STATUS  OF  FEL  TECHNOLOGY 


John  Madey 
Duke  University 
Durham,  NC 


=>  The  Nature  of  the  FEL  Revolution 

=>  Present  Research  Directions 

=>  Accomplishnaents  in  1989 

=>  How  to  Proceed  in  an  Indifferent  and 
Chaotic  World 


THE  NATURE  OF  THE  REVOLUTION:  PRIOR.  REVOLUTIONS 


The  FEL  is  a  revolutionary  means  to  convert 
electrical  energy  to  light  offering  the  potential 
for 

=>  High  Power 

=>  High  Efficiency 

=>  Elimination  of  the  Limits  to 
Wavelength  and  Tuneability 

=>  Precise  Control  of  Pulse  Length 
and  Pulse  Structure 

=>  Diffraction-limited  Mode 
Quality 


=>  Conversion  of  Thermal  Energy  to 
Mechanical  Energy: 

-  the  steam  engine 

-  the  internal  combustion  engine 

-  the  gas  turbine  engine 

=>  Conversion  of  Mechanical  Energy  to 
Electricity,  and  the  Control  Thereof 

=>  Conversion  of  Electricity  to  Radio  and 
Microwave  Energy,  and  the  Control 
Thereof 


=❖  High  Reliability 
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EFFECTS  OF  PRIOR  DEVELOPMENTS  ON  CIVILIZATION 


=>  Production,  Distribution  and  Services: 

-  Large  Scale  Manufacturing 

-  Modern  Agriculture 

-  Road,  Rail,  Ocean  and  Air  Transportation 

-  Central  Power  Distribi  tion  Systems 

-  Public  Education 

-  Medical  Care 

-  National  Defense 


=>  Management: 

-  Long  Distance  Communications 

-  Acquisition  and  Analysis  of  Data 

-  Coordination  and  Control  of  Production, 
Distribution,  and  Services 

=>  Research: 

-  Development  of  Advanced  Materials, 
Devices,  and  Systems 

-  Enhancement  of  Efficiency  of  Existing 
Processes  and  Reduction  of  Pollution 

-  Extension  of  Life,  and  the  Improvement 
of  the  Quality  of  Life 


POSSIBLE  IMPACT  OF  PELS 


Production,  Distribution  and  Services: 

-  industrial-scale  photochemistry 

-  fabrication  of  advanced  electronic  devices 

-  space  power  transmission 

-  ballistic  missile  defense 

-  surgical  and  diagnostic  procedures 
Management: 

-  remote  acquisition  of  atmospheric  and 
geochemical  data 


=»  Research: 

-  development  and  characterization  of 
advanced  materials  and  devices 

-  Enhancement  of  efficiency  of  existing 
thermal  and  chemical  processes 

-  Biomedical  Research  and  the  development 
of  more  effective  clinical  procedures 
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GENERAL  DIRECTIONS  OF  PRESENT  FEL  RESEARCH 

Short  Wavelength  Operation 
=>  Long  Wavelength  Operation 
=>  High  Efficiency  Operation 
=*  Technology  Integration 
=!>  Research  Applications 


1989  RESEARCH  ACCOMPLISHMENTS 

Short  Wavelength  Operation; 
=>  Novosibirsk 
=>  Orsay 

Long  Wavelength  Operation; 
UCSB 

High  Efficiency  Operation: 

=*  Livermore/TRW 
^  Los  Alamos/Boeing 
Technology  Integration; 

=>  Boeing/Los  Alamos 
Rocketdyne/Duke 
Research  Applications; 

^  Duke 
=>  Stanford 
=»UCSB 


HOW  TO  PROCEED  IN  AN  INDIFFERENT 
AND  CHAOTIC  WORLD 

Frustrations  of  a  Revolutionary: 

=❖  ignorance 
=>  indifference 
=>  oppKJsition 

Solutions  ( from  G.  Washington.  B.  Franklin  and  others  ) 

=>  work  to  help  the  people  who  need  you 

=»  operate  from  a  base  which  will  support 
a  long  term  effort 

=»  emphasize  responsiveness 
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PR1.1 


A  Synopsis  Of  Research  At  The  Duke  FEL  Laboratory 


S.V.  Benson,  J.M.J.  Madey  and  R.I,  McCormick 
Department  of  Physics,  Duke  University,  Durham,  NC 

Existing  accelerator  technology  has  the  capability  to  support  the  operation  of  a 
wide  range  of  short  wavelength,  high  peak  power  FEL  light  sources. 

We  have  focused  at  Duke  on  the  exploitation  of  RF  linac  and  storage  ring  tech¬ 
nology  to  develop  FEL  systems  for  research  in  device  physics,  laser  technology, 
and  the  basic  physical  and  medical  sciences. 


outline 


PELS  at  Duke 


•  PELS  at  Duke  *  MKIII  PEL 

•  Other  Experimental  Opportunities 

•  1  GeV  Linac  and  Storage  Ring 

•  Pacilities  Development 

•  University  Contributions  •  Other  PELs 

•  Facilities  Description 

•  Remaining  Obstacles 


nthPr  FxDerimental  ODPOrtur^it'eS 

•  Synchrotron  Radiation 

•  Detector  Metrology 

•  Radiation  Damage  Studies 

•  Light  Isotope  Production 


llniversitv  Contributions 

•  Departmental  Enthusiasm 

•  Faculty/Trustees  Support 

•  Staff  Assistance 

•  $4.6  million 
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Facilities  Description 


Facilities  Development  tMKIIIt 

•  Feb  88  -  Remove  4  MeV  Accelerator 

•  Jul  88  -  Preliminary  Design 

•  Nov  88  -  Required  Demolition 

•  Jun  89  •  Detailed  Design 

•  Aug  89  •  Transformer  Installation 

•  Oct  89  -  Control  Room 

•  Nov  89  •  Electrical  Installation 

•  Jun  90  •  Shielding 

Summary 

•  New  Facility  Unique 

®  Originally  Designed  for  Purpose 
°  Tunnel  Safer,  More  Efficient 
°  Room  for  Significant  Expansion 

•  MK  III  Facility  Proceeding  More 
Slowly 


•  Jan  88  -  Preliminary  Estimates 

•  Apr  88  -  Architects  Selected 

•  Aug  88  -  Programmatic  Design 

>  Apr  89  ■  Detailed  Design 
«  May  89  -  Bids  Requested 

•  Jun  89 '  Bids  Received 

•  Aug  89  -  Start  Construction 

•  Feb  90  -  Partial  Occupancy 

>  Nov  90  -  Completion 

Obstacles 

•  New  Building 

®  Weather 

^  Regulatory/  Other  Guidance 

•  MK  III  Facility 

®  Shielding 
^  Funding 


*  Opportunities  for  Collaboration  with 
Large  and  Diverse  Community 


PR1.2  Program  to  Generate  Intense  PEL  by  Induction  Linac 

at  ILT/ILE  Osaka  University 

K.  Imasaki,  T.  Akiba*,  K.  Mima*,  Y.  Kitagawa*,  K.  Sawai*,  S.  Kuruma, 
M.  Miyamoto*,  H.  Yoshioka*,  H.  Ohtani*,  T.  Matsumoto*,  N.  Ohigashi**, 
Y.  Tsunawaki***,  S.  Nakai*  and  C.  Yamanaka 


Institute  for  Laser  Technology 

*Institute  of  Laser  Engineering,  Osaka  University,  Suita,  Osaka,  JAPAN 
**Faculty  of  Engineering,  Kansai  University,  Suita,  Osaka,  JAPAN 
***Faculty  of  Engineering,  Osaka  Industrial,  Daito,  Osaka,  JAPAN 


Abstract 

Effort  has  been  made  to  build  free  electron  laser  system  with  high  power  output. 
Induction  linac  whose  designed  parameter  was  9  MeV,  3  kA  with  100  ns  pulse  duration 
was  completed. 

Experiments  for  beam  transport  and  beam  injection  into  wiggler  magnet  system 
were  studied.  Oscillation  and  amplification  experiments  on  the  wavelength  of 
submillimeter  are  underway. 

PTOPOSS  OF  OUR  WORXS  FOR  FBI  ll-T/ILE  Osaka  Univ. 


Date  understand  high  power  FEL 

and  related  physics 
•COj  laser-E  beam  interaction 
(light  emission  and  acceleration) 
•Inverse  tapered  wiggler  (PI-14) 
(acceleration) 

•Near  Term  'application  to  higher  gradient 
Acceleration!)  for  a  compact 
high  energy  accelerator^) 


Future  •inertial  confinement  fusion 

energy  driver  for  reactor  (P3-29)3i 


Block  diagram  of  total  system 


(4  slag*)  (8  ■lagal 

Accetaralor  cavillea 


•Induction  Linac 

12  stage  X  (SOO  -  730  kVl 
5  kA  (at  e-  gun) 

100  ns  pulse  length 
AE  =  £2% 

•  E-Beam  Gun 

brighmess  -  10*  A/cm-rad^ 

•Beam  Transport 

Solenoid /Hermholtr  coil 
/Trilpet  Q-Mag./Steering  Mag. 

Beam  aperture  at  entrance  of  transport 
section 

emmjtance  selector 
•Wiggler 

Wiggler  1  :  planer  permanent  magnet 

X.w  =  6cm  N  =  30  K  =  05-2 (Tapered) 
Wiggler  II  :  Helical  pulsed  electro-magnet 
A.w  =  3cm  N  =  30  K  =  0.5-  1 
Wiggler  III  :  pulsed  electro  magnet 
kw  =  3  mm  M  =  1(X)  k  =  0.1 
(under  designing) 


Picture  of  Accelerator 
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Beam  Radius  Rb  (mm) 


Beam  Transport  to  Wiggler 


Beam  Transport  in  Wiggler 


R(X)  -  R(Y) 

System  I 
MOPA  System 

Oscillator:  CO2  laser  pumpad  Raman  laser 
(GastOjO.CHaF  etc. 

'^MW  output, Multimode) 


> 


We  may  expect 

100~1000MW  level  output 

PEL  to  Monitor 


System  II 
Oscillator 

V 

2k  /e 

Cw  :Caii\  tor  maximum  growing  mode 
i,  lAttenuation  factor  of  waveguide  (0.2) 
fR  iMirror  loss  (10  "c) 

Tp  iPulse  length  (-  60  ns) 

I  c  :Cavity  path  length  (-  1.2  m) 

C  Light  veloaty 


G-lOO  Cm  =  4/m  fj  =  0.2/m 

fR  =  0.1  To  =  60  ns 

I  0  =  12! 


References 

1)  A.  Sessler,  AIP  Proceedings  91  (1982)  163 
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2)  K.  Imasaki,  et  al.,  ILE  8724P  (1987) 

3)  K.  Imasaki,  et  al..  Rev.  Laser  Engineering  17 
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PR1.3 


The  LISA  Project  In  FRASCATI  INFN  Laboratories 
M.Castellam,  A.Chigo,  P.  Pntteri,  F.Tazzioli 

rNFN,  C.P.  13. 00044  Frascati  (Rome),  Ilnly 

N.Cavallo,  F.Cevenini 

TNFN-Sezione  lii  Napoli  and  Uiiiv.  di  Napoli-Dipart.  di  Fisica,  S0125  Napoli,  Italy 

F.  Ciocci,  G.  Dattoli,  A.  Dipace,  G.P.  Gallerano 

A.  Renieri,  E.  Sahia,  A.  Torre 

ENEA-CRE  Frascati.  00044  Frascati  (Rome).  Italy 


A  test  superconducting  eiectron  linac  accelerator  (LISA) 
IS  in  construction  at  Frascati  INFN  National  Laboratories 
The  design  beam  energy  will  be  25MeV  with  5  A  peak 
current,  invariant  emittance-Tf  I,  =  IQ-^irmradandenergv 
spread  ^F/E  <  2  ■  10-  \ 


Main  parameters  of  LISA  (Accelerator  +  FED 


A  FEL  will  be  realized  in  the  IR  at  n  <  A<  18/im  using 
a  50  period  hybrid  undulator  of  4.4cm  period.  Macropulse 
averaged  power  of  500  W  and  peak  power  ot  1 .25  MW  are 
expected. 

Operation  in  the  third  harmonic  at  4  <  A  <  hym  and 
further  developments  are  also  presented. 


Energy  (MeV)  25 

Energy  with  recirculation  (MeV)  49 

Bunch  length  (mm)  2.5 

Bunch  charge  (pC)  40 

Peak  current  (A)  5 

Duty  cycle  <  10% 

Average  macropulse  current  (mA)  2 

Invariant  emittance  (n  m  rad)  10-5 

Energy  spread  (@25  MeV)  2x10-3 

Number  of  undulator  periods  50 

Undulator  wavelength  (cm)  4.4 

Undulator  parameter  Krms  0.5 +  1.0 

Radiation  wavelength  (pm)  ®  25  MeV  11  +  18 
Ofitical  cavity  length  (m)  6 

Cavity  losses  ,  passive  +  output  (%)  <  2 

Macropulse  duration  (ms)  <  10 

rep.  rate  (Hz)  10 

av.  power  (VV)  500 

Micropulse  duration  (psi  <  10 

rep.  rate  (MHz)  50 

peak  power  (MW)  1.25 


A  hybrid  undulator  to  be  built  by  Ansaldo 
Ricerche  in  Genoa  in  collaboration  with  the 
ENEA  group  will  be  used  .  A  prototype  8  period 
long  has  been  realized  and  is  under  test. 

The  final  choice  of  the  undulator  parameters  - 
period  and  number  of  poles  -  will  be  defined 
after  the  completion  of  the  test. 

The  lower  limit  to  the  undulator  period  is  given 
by  the  requirement  of  a  gap  of  2  cm. 


Table  3  -  Undulator  (tentative  parameters) 
Hybrid  type  (NdFeB  magnets) 


Numbers  of  poles  50 

Period  (mm)  44 

Pole  width  (mm)  40 

Cap  height  (mm)  20 

0.5+10 


3*^^  Ka  r  m  p  n  •  c  PEL  ^  a,lr\ 
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The  injection  system  is  composed  by 

•  100  keV  thermionic  gun 

•  chopper  (50  MHz  plates  +  500  cavity) 

•  prebuncher  (25(X)  MHz  cavity) 

•  1  MeV  preaccelerator  and  capture  section 

•  isochroitous  arc  at  p  =  .94 


Schematic  of  the  LISA  accelerator  +  FEL  layout 


The  machine  lattice  is  designed  to  get  in  the 
undulator 


The  main  accelerator  is  a  500  MHz  SC  linac 
which  accelerates  the  beam  up  to  24  MeV  at  the 
nominal  field  gradient  of  5  MeV/m. 

The  final  beam  time  structure  is  sketched 


0  1  • 


The  duty  cycle  of  the  macropulse  is 
restricted  to  <  10  %  for  radiation  safety  reason, 
not  for  machine  limits. 

When  effective  energy  recovery  will  be 
operative  it  will  be  possible  to  extend  the  duty 
cycle. 


•  high  peak  current  -*  non-dispersive  transport 

•  e*  beam  cross  section  adjustable  to  match  the 
optical  cavity  mode 

•  low  sensitivity  to  beam  variation  at  linac 
output 

•  small  room  taken  away  at  the  undulator  ends 
to  allow  to  use  a  short  cavity 


but  dispersive  transport  is  possible  if  micropulse 
length  variation  is  required 


THE  CONTROL  SYSTEM  OF  LISA 

The  control  system  has  been  designed  to 
take  care  both  of  the  accelerator  and  of  the  FEL 
experiment  since  a  close  interaction  is  foreseen 
for  the  machine  op>eration,  particularly  in  the 
energy  recovery  experiment. 

A  multilevel  structure  allows  at  the  same 
time  controlling  and  testing  the  machine 
operation  and  modelling  its  performances. 


TIME  SCHEDULE 

Building  activities  started  in  March  89  and  are 
scheduled  to  be  completed  by  Autumn  89. 

All  the  main  accelerator  components  will  be 
delivered  by  the  end  of  the  same  year. 

Commissioning  of  the  machine  is  foreseen  to  be 
performed  in  the  first  half  of  1990. 

The  undulator  is  expected  to  be  built  within  one 
year  from  the  order;  its  delivery  should  closely 
follow  the  end  of  commissioning  of  the  accelerator. 


PR1.4  DELTA,  a  New  Storage-Ring-FEL  Facility  at  the  University  of  Dortmund 


F.  Brinker,  M.  Negrazus,  D.  Nolle  .  D.  Schirmer,  K.  Wille 
University  of  Dortmund,  FRG 

This  pvpa  presents  the  concept  of  the  new  FEL  fsdhty  at  the  1.5  GeV  electron  storage  ring  DELTA, 
currently  under  construction  at  the  University  of  Dortmund.  Furthermore,  detailed  information  about  the 
accelerator  itself  and  the  first  FEL  experiment  (  FELICITA  I  )  are  given. 

Dortmund  ELectron  Test  Accelerator 

DELTA, 

a  New  Storage-Ring-FEL  Facility  at  the  University  of  Dortmund  ^  Excellent  Driver  for  FEL  Experiments 

Dtilt  Noll*  et  al. 


I.  The  Storage  Ring  DELTA 

11.  The  Concept  of  the  DELTA  FEL  Facility 


III.  The  First  FEL  Experiment  FELICITA  1 


—  It  is  a  1 

-  Much  Tinift  for  Testing,  Developing  and  Experiments 

-  of  Accelerator  Performance  for  Special 


—  Two  about  20  m  Long  Straight  Sections. 

—  3y-pjuaJnstallation  Possible 


—  Low  Emittance 

—  High  Peat  Current 

—  Beam  Energies  from  <  500  MeV  to  l.S  CeV 

—  About  2Q  Highly  Motivated  Young  Physicists 


The  Concent  of  the  DELTA  FEL  Fadlitv 


VISIBLE 


FELICITA  I 

FIRST  EXPERIMENT  - 

Savw 

— 

Not  Too  Com  pile  alad 

_ 

Moat  FteviMa 

- 

lBa>|Mnaim 

FEL  Mode 


OK  Mode 


DELTA  at  SOO  MeV.  Starting  ia  the  VtSlOLX 
HIGHER  BEAM  ENERGY  -  SHORTER  WAVELENGTH 
Eiperted  OaciHalar  Operatiaa  from 
4000111  -*  200  lua 

iow  lOOom 


uv 


FELICITA  11 


HIGH  GAIN  FEL:  225  Pavioda.  *■  9  cm 

E  m  SOOAfeV'  ^  A  •  too  am 

Gain  >  )  -w  Compeomtieo  for  Mirror  Lams* 

HIGHER  BEAM  ENERGY  -  SHORTER  WAVELENGTH 
try  to  go  to  2S  nm  !( 


xuv 


fcLit-iJH 


U^t  of  the  DELTA  FEL  facility.  On  the  top,  the 
^up  of  the  first  experiment  FELICITA  I  is  sketched. 
^  the  bottom  the  14  m  by-pass,  available  for  FEL 
devices,  is  presented. 
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oy  c  ptcef  Bl  I  GHUS5 


VISIBLE 


FELICITA  I 

FIRST  EXPERIMENT  -  S.« 

No<  Too  CoopUcfttod 
-•  Mott  F^exibto 
lacKpciuive 


FlectrumMlMtH:  IJnHulatnr 


FEL  Mode 


OK  Mode 


DELTA  ftt  500  McV,  Stortisg  in  tfae  VISIBLE 
HIGHER  BEAM  EI«ERGY  -»  SHORTER  WAVELENGTH 
ElzpccUd  OooBiIor  Operntion  from 
400Bm  ^  200  tun 

SpoaUDOoa  Radutioo  below  lOOun 


uv 


FELICITA  II 


HIGH  GAIN  FEL;  225  Penoda.  X«  •  6  cm 

E  m  vn.MtV  -  100  am 

Gub  >  3  -•  CompenMticn  for  Mirror  Late 

HIGHER  BEAM  QIERGY  -<  SHORTER  WAVELENGTH 

try  to  go  to  25  am 


xuv 


i.o 


'DISPERSH'^E 

SECTEOf! 


■200  0  150,0  -100.0  -SO  0  0  0  SO  0  0  ISO  0  200  0 

X  I  rn  1 

pes.4oM 

Longiiudioiil  field  of  the  FELICITA  I  vmdulator  in 
OK  mode.  The  field  calctUatiniu,  done  with  POISSON 

iibow  a  near^  rrwioe  deprndimcy  of  Ib^  field  in  thr  two 
nndulator  •cctioni,  and  the  m^rh  ftrooi$cr  Bold  in  the 
difrpereive  aection. 


FELICITA  I 


Sketch  of  the  FELICITA  I  nndulator.  Only  the  iron 
yoke  and  the  coila  of  the  first  nndulator  section  and  the 
dispersive  section  are  sketched.  As  the  first  and  lest 
seven  period  and  the  two  central  periods  have  different 
current  eirenits.  it  is  possible  to  switch  between  FEL 
and  OK  operation  simply  by  changinn  lb'  currents  in 
the  these  cirruita,  Therfore,  it  is  possible  to  operate  the 
device  as  an  FEL  undulator  with  16  equal  periods  or 
as  an  optical  klystron  with  two  undulators,  of  7  periods 
_ _ u  •  fttactersiue  section  made  of  two  periods. 


i 


Jtft 


Thii  picture  ihow?  two  firld  plota  of  the  F*  ELICITA 
I  undulator.  On  the  top  the  limit  between  the  diaper 
sive  Boction  and  an  undulator  peclion  ii  shown.  Below 
the  the  first  two  ppriods  of  an  undulator  sertion  arc 
prraenled.  In  front  of  the  first  pole  the  so  railed  field 
rlsmb  can  be  seen,  minimizing  the  fringe  fields  outside 
the  undulator. 
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5:  D.T.  AMwortd  rl  al;  AIP  Conferenre  rroreF-dinas.  No,  118,  p.294,  1983 

6:  0  natifji.  A  Renieij  N*imv*>{')D1 , 59  B,  j,  1,  19*0 

7:  M  T.  Mni'el.  H  K  Stokes;  t’wT  s  guide  for  thr  POISSON  /  SUPFFIPISH  ^f  I/ts  Alamos 

National  Laboratory,  LA  UR  87  -115,  1987 
8:  A.  Bizzaii  el  aj;  FNF.A  KT/TiB/8f)/49 
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THI.3 


ENHANCEMENT  OF  THE  FREE  ELECTRON  COHERENT  HARMONIC 
GENERATION  BY  USE  OF  THE  DISPERSIVE  FUNCTION  ON  A  STORAGE  RING 

R.  PrazdrBs,  J.M.  Ortega. 


LURE,  CNR5/CEA/MEN,  bat.209(l,  university  de  Par1s-5ud 

91405  Orsay  cedex  FRANCE 

(*)  Eoole  Supyrieure  de  Physique  Chimie 

10  rue  Vauquelin  73231  Paris  cedex.  France. 


An  alternative  to  the  Free  Electron  Laser  (PEL)  oscillator  at  short 
waveir  iv  h  (X<2000A)  is  the  "Coherent  Harmonic  Generation"  (CHG) 
process  with  an  external  laser.  However,  this  coherent  emission  is  rather 
weak,  particularly  on  high  harmonics  (ntS).  This  paper  shows  that  the 
introduci  an  "energy  dispersive  function"  on  a  storage  ring  inaeases 
the  CHG  by  several  orders  of  magnitude. 


Enhiincemr^ni  Ficr  tiunn/j 

Ctfliereni  //..  ■  nu  Generation  /n 

■i.?r  of  the  liisperstve  fiouiion 
on  ii  siora^e  nn^ 

L.U.R.E. 

I  'NRS  /  CF..\  /  MKN 

I'niversite  de  Pans-Sud.  Orsay 

H  Praieres.  t  Dazm-  M  Bereher.  M  Bilijrdoo 
M  E  Couprie.  P  Cigvot  Sionne^i.  J  M  Ofiycn 
M  Vrichf.  V  Ptfifrttf 

IntroOuciion  in  CHG  fircKdss 
Intluffnce  1^1  ine  Uisp«fsivd  tunvnon 
N'tmefiial  yalvulaiiofl  Rdsuit^ 

C.'tK  Ui'-inn 

•  jii<fns«<r  10  ><v  t'tt  E'ccitiin  La*««  Ftl  ’  •* 

•  j«e«(«ei«  .»  *«*  ' 

'  mil  -I'"  le  r»icT«it  laser  M.l•f»rt  mi*  •I'nf" 

I*  'iinf*  «ra«  pariKViarl*  i**  narnun'ii' 

•  naiv'  ■«<••*  mji  «<w  leirrmindi*!'  m  -ff' 


.AN<«n<  I»a«niftm«s 
isoeianeou* 


\C()  /  IW7  :  V*  *  5  harmonic  of  532nm 
<up«r*ACO  etpcrimcni  in  protrrss 


We  delmir  the  >pecifai  rjiiit  heiwfcn  u*li 
and  inv  emiSkion  tof  harmnnu  n  and  *'i> 
axis  (  0sO> 

R^IaDii^I  liJUl/  1  lAjBi 

n  r  sh  01 

*  \ 

•Ilk  lever  U**i 

\pECTk\t.  KATJo - 

iR’'iA.«i  =  LN,(,/in,(N*N|AY/Vi 

jwiih  I '  s  exp»  i6|nniN*N^  I  a  ^  • 

,  called  modulaiton  rau- _ , 

S,  IN  ilic  number  ol  eicvirunN 

IS  ibe  BesyH  lunciion  ol  order  n 
N  IS  ihe  number  ol  imilulaior  peniMlN 

IS  the  inierterentf  icr  ol  disp  >eti  ol  me  nk 
v»  IS  the  maximum  cnerev  induced  bs  ihi  laser 


(  tl  ii  derrrow  \rromgh  for  ktfh  karmonifi 


dispersiv 


V  lUltllM'il 


1^=0  .11  Ccnor.i*  .'‘nilmc’ii 


\ct  of  flit  •"  r>fiifr' 


IT-'  n  >" 


encri-s  •.la" 
dNi  Yi  witl-  *  ■! 


V  .  V*l 


I  1  jch  eficrc'  vlass  i*  irnirred  »t  xi  ^  <  a  H  ( '  f,  ’  ■ 

I  M»f  liH.ll  cncrc'  <prej.«  ilxt  \  -d\'  is  f  «  n 
It  van  be  mgih  lower  than  loi.il  enerc'  spread 


On  Ihc  fine  .S.,  ef  AC()  <*e  can  nM.Mr» 
at  HIHl  MeV  with  (j^eVai  n  nt 
Then 

liKal  rela  ^e  encrex  sprc.id  - 


o  I  \l  Altera* 


lae  rerrrai  .at' 


The  use  oin  lunction  w.ts  already  nf<'p 
by  the  proup  o|  Novosibirsk  m  I'fK'.  but 
ihe  fEl  earn 


•«i  matnuutle  ot  ihe  Spec.  .■!  Ratto 
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THI.5  ANGULAR  STEERING  OF  THE  FEL  FAR-FIELD  RADIATION  BEAM 

Eli  Jerby 

Faculty  of  Engineering,  Tel- Aviv  University,  69978,  ISRAEL  *. 


ABSTRACT 

Various  concepts  for  anfular  steering  of  the  FEL  radiation  beam  in  the  far- 
field  are  presented.  These  are  based  on  a  reaLtime  modification  of  the  FEL  syn¬ 
chronism  parameters,  in  both  tnd-fire  and  kroodside  schemes.  A  3-D  model  was 
implemented  to  analyte  the  characteristica  and  limitations  of  the  various  beam 
steering  methods.  The  feasibility  of  the  combined  FEL  -  Phottd  Amsy  Anfsima 
system  is  disc  listed. 


Tite  Biio»JriAe  Schemes 


@  STfierCHIAfCr 

_ _ _ 

- 1— j 


fiHOiAreit 


CiifP 


e>  SHO/tTetHUtt  Art 


K>  *  ia  A 


\ty»icn€t 


_ nrnrrrn 

e  EM 

e  FftJtJ  frit  ("*  iketi) 


rue  BUD  Ft  66  scH&Mes 


^  ATKetetCTtr/Cdi 

«  Wi4e  tf-Aeatn  ^  u/fih  scmw  ^t>i«.ns  i^nse 

(  in  Vf(or,'ij  ^  on.  ^tn$if.'j,  On  (iw^  c(r 

-  l/lp/oci'^  shetl  1 

I  /  e-tfa;.  ,  ,  to  ^ 


A^l  A  f 


it  it»  ito  g 


OFf'Dkis  syuchrouism  diagrams 


I.  OADIUAAY  FSL  : 


*  A  k\M 


n.''eoNCH  sTAercMinG"  :  i  ^  - 

'  I 

F|  >Vj  ■  w  »  coMtr,  ft _ ~ 

a.  SHoAreutnQ  Xw  •  ' 

>ku  ■  "  l/j  »  csiutr.  ^ 

_ _ _  I  *. 


•  Present  sddreM  -  R«e.  L»b.  of  Electronics,  MIT,  Cnmbridge,  MA  02139  ~  -tfcf  Off'tSflS  a«|li 


TKf  THeoteriC^L  t*00€L 

#  30  MO0€L  (use<^  a.v  ZH) 

•  tuct-upes  PneBVHcmuQ. 
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-  eel  CoontHQ  MATgiy  , 

-  PgeaupiCHiME  HATglk  . 
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(4}  Stpaitatit^  e-bea*<'  / EM  heant  paths. 
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REI.1 


On-axis  Holes  In  Interferometer  Mirrors 


R.H.  Pantell,  J.  Feinstein,  A.H.  Ho* 

Department  of  Electrical  Engineering 
♦Department  of  Applied  Physics 
Stanford  University 
Stanford,  California  U.S.A 

Surprisingly  low  power  loss  results  from  the  introduction  of  large  holes 
in  resonator  mirrors.  An  analytic  solution  for  the  mode  pattern  in  such 
resonators  is  obtained  using  the  criterion  of  maximum  laser  gain  per  pass. 
Such  holes  permit  on-axis  electron  beam  passage  arid  also  sighlflcatrtly 
reduce  the  peak  power  density  on  the  mirrors. 


iNmmoMnnMBaa«i  mna 

HOLKIONiOat 
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HOLEINONCliRROR 


HOLES  IN  BOTH  NURRORS 


«»  •»»  3SiS9S0StS2S  3S4S 

MSTAMCEM  METERS 


WICGLER  LENGTH. 2m 
CAVITY  LENGTH  -  9m 
WITHOUT  HOLE  Z,  -  1  On, 
WITH  HOLE  2^.  15m 


WICGLER  LENGTH  -  2m 
CAVITY  LENGTH  -  9m 
WITHOUT  HOLES.  7,  .  I  Om 
WITH  HOLES.  -  2  Om 


HOLES  IN  BOTH  ^URRORS 


ROWER  OENSfTV  vt  RADIUS  AT  CEKTER  OF  drooler 


p  ■  f  ( «/<;k  i,) )®  * 

X|.  •  R«yl<igh  Ungih  fof  no-hole  <is<  •  Im 


WICGLER  LENGTH  -  2m 


CAVITY  LENGTH  .  •>m 


Opiicil  bejm  area  reduced  b\  a  faciof  of  5 


HOLES  IN  BOTH  MIRRORS 


POWER  OENSnr  n  RAOWS  AT  EDGE  OF  DROOLER 


VMCCLER  LENGTH  -  Zm 
CAVITY  LENGTH  .9m 


HOLES  IN  BOTH  MIRRORS 


POWER  OCNSfTYnRAOVS  AT  UMRORS 


WICGLER  LENGTH  .  :m 


SUMMARY 

WHb  bol«a  is  both  nunon,  for  fUed  poorer  cxiractioo  M 
utmboo: 

■  There  najr  be  OB>liBe  inoo^ictioa  of  the  elcctRMi 

bcea  iaio  the  cevny. 

■  The  power  density  oe  the  mirron  is  reduced. 

■  SmaII>ii|MJ  gain  is  lacrtasedi 
-  The  added  cavity  toss  u  small 


CAVITY  irSCTH  -9m 


REI.2 


MODE  CONTROL  ON  SHORT-PULSE  PELS  USING  A 
MICHELSON'MIRROR  RESONATOR 

E.B.  Szarmes.  S.V.  Benson,  and  J.M.J.  Madey,  Duke  University 

OUTLINE  of  TALK 


1 )  Introductian  and  motivation  for  using  multipla 
mifror  rasonaton  on  snort-poise  F^s 

2)  mathematics  for  analysing  mode 


Applications  to  spactroaoopy 
Pf^ywtJ^gperimental  effort  using  the 


3)  Computer  simulations  of  Michelson  mirror  Summary 

resonators  on  the  Mark  III  FEL 


Introduction 

-  Michelson  mirror  resonator  with  1  RF  period 
of  delay  in  the  secondary  arm 

-  Pulses  build  up  only  if  property  phased  at  beamsplitter 

-  Phaselocking  increases  free  spectral  range  of  resonator 

2 

•  Maximum  coupling  occurs  for  R  >  $0% 


(reflectance  R  ) 


Mathematical  Analysis 

(N  -  4  pulses) 
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Passive  CW  Frequency  Response 


Corresponding  Eigenvectors 
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Numerical  simulations 


^ )  Build  up  from  noise  to  saturation  using 
coupled  Maxwell-Lorentz  equations 

2)  One-dimensional  simulation  with  complex 
filling  factor 

3)  Includes  both  shot  noise  arxl  quantum  noise 

4)  Investigates  dependerrce  on 

i)  number  of  pulses 
in  beamsplitter  reflectance 
iil)  Michelson  mirror  phase  offset 
iv)  Michelson  mirror  detuning 

5)  Parameters  appropriate  to  the  Mark  III  PEL 


4  pulses  -  50%  reflectance 
(discrete  tuning  using  ip) 


4  pulses  •  50%  reflectance 
(destructive  interference  using  9) 


35  poises  -  50%  reflectance 
(spectrum  evolution) 


Applications  to  Spectroscopy 


Experimental  Results  using  the 
Mark  III  PEL 


ibya 

FraqiMncy  adjustad  by 
and  mirror 


•  Cofflbinad  axparimanta  with 

i)  Puiaa  compraaaion  by  anargy  chirping 
li)  Loaa  moduiaUon  and  cavity  dumping 


1 )  35  ctrculating  pulses 

2)  1  RF  period  of  delay  in  the  secondary  arm  of 
the  interferometer  (non-stabilized) 

2)  ZnSe  Brewster  plate  output  coupler  with 
one  surface  serving  as  the  beamsplitter 
(R2. 1.4%) 

3)  Outcoupied  beam  and  leakage  beam  both 
travel  to  detector 


Dnunad  MicMion  iimr  Syncriranou*  MicMian  minar 

Detuning  range  for  Michelson  mirror  >  8.9  mils 


Summary 


1 )  Michelson  mirror  increases  free  spectral 
range  of  output  optical  pulse  train 

2)  Presented  analysis  which  predicts  mode 
losses  and  accurately  reproduces  pulse  train 
evolution 

3)  Can  investiute  various  configurations  using 
complete  PEL  pulse  propagation  code 

4)  Resonator  has  applications  in  high  resolution 
spectroscopy 

5)  Presented  preliminary  experimental  results 
using  the  Mark  III  FEL 
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REI.3 


Resonator  Modes  in  High  Gain  Free  Electron  Lasers 


Ming  Xie,  David  A.  G.  Deacon*,  John  M.  J.  Madey** 
Lawrence  Berkeley  Laboratory, 

Berkeley,  CA  94720,  USA. 

900  Welch  Road,  Palo  Alto,  CA  94087,  USA. 
♦♦Department  of  Physics,  Duke  University 
Durham,  NC  27706,  USA. 


When  the  gain  in  a  free  electron  laser  is  high  enough  to  produce  optical  guiding,  the  resonator  mode 
distorts  and  loses  its  forward- backward  symmetry.  We  show  that  the  resonator  mode  in  a  high  gain  FEL 
can  be  easily  constructed  using  the  mode  expansion  technique  taken  separately  in  the  interaction  and  the 
free-space  regions.  We  propose  design  strategies  to  achieve  maximal  gain  and  optimal  mode  quality,  and 
discuss  the  stability  of  the  optimized  mode. 


1.  Amplifier  region:  At  high  gain,  the  continuous 
spectrum  of  guided  modes  can  be  neglected,  thus 
optical  field  can  be  expressed  as  a  truncated 
expansion  in  a  few  low  order  discrete  guided 
modes[  1,2,3]. 

N 

E(x,y,z)  =  ^  CnEn(x,y)exp{-iX„z) 

(1) 

For  parameters  given  in  table  1  the  guided  mode 
expansion  (1)  is  benchmarked  with  simulation 
performed  with  FRED[4]  for  a  high  gain  amplifier. 
Five  growing  and  five  decaying  modes  are 
included  in  the  expansion. 

As  shown  in  Figure  1  below  one  Rayleigh 
range,  the  simulation  shows  a  growing  mode  size 
due  to  diffraction,  the  expansion  (1)  fails  in  this 
region  because  the  continuous  modes  are 
neglected.  Above  about  one  Rayleigh  range,  the 
power  in  the  discrete  guided  modes  grows  to  a 
level  where  diffraction  becomes  negligible,  then 
two  curves  converges.  About  43%  of  input  power 
couples  into  the  discrete  modes,  the  remainder 
goes  to  the  continuous  modes.  Power  grows 
nearly  exponentially  after  about  15  meter, 
indicating  the  dominance  of  the  fundamental  mode 
from  there  on.  The  single  pass  gain  is  495  from  the 
mode  expansion  and  499  from  the  simulation.  At 
the  wiggler  exit,  radial  profiles  of  the  optical 
intensity  from  the  two  approach  are 
indistinguishable,  as  shown  in  Figure  2. 

2.  Free-space  regions  within  cavity:  Optical  field 
can  be  expanded  in  vacuum  modes.  The  two  free 
parameters  in  the  expansion  are  determined  by 
maximizing  power  coupling  from  the  amplified 
field  to  a  fundamental  free-space  mode:  the 
Gaussian  mode.  In  our  example,  95%  of  the 


power  is  reached  in  the  fundamental  mode,  and 
over  99%  of  the  power  in  the  five  low  order 
Gaussian-Laguerre  modes. 


(a) 


Figure  1 .  Half-max  radius  of  intensity  (a)  and  power  (b)  vs. 
propagation  distance  along  the  wiggler. 

3.  Optimization  condition  for  resonator:  The 
fundamental  guided  mode  has  the  smoothest 
phase-front  and  the  highest  exponential  growth 
rate,  thus  to  optimize  a  resonator  is  to  maximize  the 
power  in  the  fundamental  guided  mode.  The 
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guided  inodes  are  not  orthogonal,  and  they  have  a 
special  property  which  states:  the  maximum  power 
coupling  to  a  guided  mode  is  reached  if  the  input 
field  is  a  complex  conjugate  of  the  mode.  This 
means  in  particular  that  the  input  field  should  have 
a  converging  phase-front,  opposite  to  that  of  the 
fundamental  growing  guided  modes[2,3,5]. 


Figure  2.  Transverse  intensity  profile  at  the  wiggler  exit. 
Only  two  modes  are  included  in  the  expansion. 

Since  the  fundamental  guided  mode  is  not  but  close 
to  a  Gaussian,  the  conjugate  input  coupling 
condition  can  be  approximated  as  requiring  the 
input  Held  to  be  a  complex  conjugate  of  the 
optimized  Gaussian  mode  at  the  wiggler  exit  in 
free-space  expansion.  This  task  can  be  easily 
accomplished  with  spherical  cavity  mirrors. 

Figure  3.  Schematic  drawing  of  an  amplifier  with  a 
converging  input  field  and  a  diverging  amplified  field.  Note 
near  the  wiggler  exit  the  dominant  fundam^tal  guided  mode 
has  a  diverging  phase-front. 

4.  Transport  matrix  of  a  resonator:  The 
optimization  condition  put  two  constraints  on 
resonator  parameters.  If  all  parameters  except  two 
mirror  radii  are  fixed,  the  two  constraints  will 
determine  the  optimal  values  for  two  mirror  radii: 
ciR?  C2R1  +  C3  =  0 

diRi  +  d2R2  +  d3  =  0  (2) 

where  the  coefficients  are  functions  of  other 
resonator  geometry  parameters  and  the  chosen 
"free  parameters"  for  the  vacuum  mode  expansion. 
If  the  distance  from  the  wiggler  exit  to  the  down¬ 
stream  mirror  is  varied  while  keeping  the  full 
cavity  length  fixed,  Eq.(2)  will  give  two  branch  of 
solutions  which  are  shown  in  Figure  4. 

5.  Conclusions:  Maximal  gain  and  optimal 
transverse  mo(}e  quality  can  be  achieved 
simultaneously  by  maintaining  an  input  field  which 
optimize  the  power  coupling  to  the  fundamental 
growing  guided  mode;  a  resonator  can  be  made 


optimal  at  high  gain  when  optical  guiding  occurs 
and  yet  stable  at  low  gain  when  the  resonator  mode 
approach  the  vacuum  mode;  and  finally  the  down¬ 
stream  mirror  can  be  placed  further  away  from 
wiggler  exit  to  allow  r^uction  of  power  loading 
on  cavity  mirrcM^,  without  sacrificing  either  gain  or 
mode  quality. 


St 


Figure  4.  RescHiator  stability  diagram. 

Table  1.  Parameto^  for  calculation 

Electron  Lorentz  Factor  2000 

Electron  Beam  Current  (Amps)  270 

Electron  Beam  RMS  Radius  (micron)  233 
Peak  Wiggler  Parameter  S.74 

Wiggler  Length  (m)  27 

Wiggler  Period  (cm)  1 1 .4 

Optical  Wavelength  (A)  2500 

O^illator  Cavity  Length  (m)  54 

Input  mode  to  the  amplifier  is  taken  as  a  Gaussian  mode 
focused  at  the  entrance  of  the  wiggler  with  a  minimum  spot 
size  of  600  micron  and  a  Rayleigh  range  of  4.52  meter. 


The  authors  wish  to  thank  John  Lasa  La  for  inoviding 
FRED  simulation  data.  This  work  was  supported  at  various 
time  by  the  Air  Force  Office  of  Scientific  Research,  the 
Ofrice  of  Naval  Research,  the  Army  Research  Office  and 
Dqxirtment  of  Energy. 
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RE1.4 


Measurements  of  UV  Induced  Absorption  in  Dielectric  Coatings 


David  A.G.  Deacon,  M.H.  Bakshl,  M.  Cecere,  A.M.  Fauchet®^ 

Deacon  Research,  900  Welch  Road,  Suite  203, 

Palo  Alto,  CA  94304  USA 

We  discuss  the  first  results  obtained  from  a  new  testing  facility  for 
measuring  the  Induced  absorption  in  dielectric  coatings  exposed  to  intense  UV 
radiation.  The  loss  is  measured  In-situ  during  exposure,  as  a  function  of  time 
for  various  photon  energies,  intensities,  and  background  gas  pressures. 

H>l\tARYI^:TTCl>l%tEXTALTOOLS 


A)  UHVOna^ 

•  ir>*TBr 


B)  MulUUjftfMliTiir  Samples.  Sanpie  Transfer  Clumber 

•  Oitm 

•  ... 


a)  NSLS,  BNL,  Upton,  NY  11973 
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txm  CMMV.iflDau 
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REI.5  FAR  INFRARED  QUAS^OPTICAL  RESONATOR  FOR  CERENKOV  FREE  ELECTRON  LASER 

F.  Ciocci,  G.  Dattoli,  A.  De  Angelis,  A.  Dipace,  A.  Doria,  G.P.  Gallerano, 

M.F.  Kimmitt*,  A.  Renieri,  E.  Sabia,  A  Torre  and  J.E.  Walsh** 

ENEA,  Dip.  TIB,  U.S.  Fisica  Applicata,  P.O.Box  65,  00044  Frascati  (Rome),  Italy 

ABSTRACT 

A  Cerenkov  free  electron  laser  experiment  (C-FEL)  employing  a  5  MeV  microtron 
electron  beam  source  and  providing  coherent  radiation  in  the  spectral  range  from 
100  urn  to  1000  urn,  is  under  way  in  our  laboratories. 

Recent  tests  of  a  quasi-optical  resonator  are  reported. 


*  Permanent  address:  University  of  Essex,  Colchester  (U.K.) 

**  Permanent  address:  Dept.  Physics  and  Astronomy,  Dartmouth  College,  Hanover,  USA 
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LAY-OUT  OF  THE  EXPERIMENT 
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R  -  RESONATOR  CHAMRER 

S  -  OONCRCTC  SMBlil 

W  -  UltfRTZ  VNNOCMf 

r-  FARAOAYCUP 

-- — 

DESIGN  OF  A  LOW  ENERGY  COMPACT  FEL  FACIUTY 


siMimc  laoa  imc  ExraaycNTAL  lay-out  has  been  uoono) 

M  OROn  TO  KOUZe  A  TEST  nwaUTV  nM  COMPACT  FEL  oewces 
M  Ttc  SUa-MULIMeTEll  REOON: 
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OPTICAL  DIAGNOSTICS 
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MAIN  FEATURES  OF  THE  QUASI-OPTICAL  RESONATOR 


-  GUV  MJCnON  or  IMC  EUnWM  KAM  (  pOTMnMt  mafMt  dMMtor) 
— >  SHORT  RESONATOR  LENGTH 


-  HKH  SURTACE  QIMUTY  (  m«eh> 

— >  SETTER  nUi  1MCKNCSS  UMTORUnV 


>  UMTORM  OUTHUT  COUrUNG  (  aS«  yvtfelf  ) 

>  KTTGR  CONnNCNCNT  or  THE  WMCGUOE  UOOe  M  THE  HORaONTM.  rtMK 

'  O-^ACTDR  HKHCR  AT  HR  WWMOENGTHS  THM  AT  mm  RMNELENGTHS 

'  THE  VMMCCUOE  MOOES  NAME  A  SRATW.  OEPENOCNCE  VRSCH  CAN  SE 
rACTORIZED  M  AN  CAANESCENT  WANE  TERM  M  THE  OSIEETION 
RERKNOICULAR  TO  THG  OCLECTnC  SURnCC  ANO  ACYUNORKAL 
CAAWSMN-MERMITt  TERM  M  THE  TRANSMERSE  MRECTIOM  rMWIin. 

TO  THG  SURTACC  - 
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Ml  SmCo 

COUptT 
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PREUMINARY  EXPERIMENTAL  RESULTS 


-  DIFFERENT  WAVECUUC  STRUCTURES  HAVE  BEEN  TESTED 
BOTH  WTH  AND  MTHOUT  OtOICmC  C0ATM6 

.  excellent  elgcrton  beam  MJECTTON  has  BEDI  ACMD/ED 
av  MEANS  OF  THE  PERMANENT  MAGNET  DERXCTOR. 
more  than  99X  OF  THE  BEAM  CURRENT  PASSES  ARCME  THE 

input  mirror  ano  IT  IS  transported  through  THEMAAAECUOE 

-  A  STRONG  NON^-LINEAR  SIGNAL  (vs.  s-HMom  cunsnt)  HAS  BEEN  ORSERVED. 
CORRESPOMOINC  TO  AN  ESTIMATED  MACHOPULSE  OUTPUT  P«KR  1-10  W, 
WITH  A  CLEAR  THRESHOLD  8EHAVICUR  AT  A  CURRENT  AROUND  80-70  mA 

-  THE  SIGNAL  IS  OIMTE  CRITICAL  RESPECT  TO  THE  s-BEAM  STEERWG 
ANO  TO  THE  TUNING  OF  THE  UKROTRON  RF  ORMNG  FREQUENCT 

-  A  SPECTRAL  ANALYSIS  VKTIH  VRRE  CRSJ  FR.TERS  INOCATED 

OUTPUT  WWELENCTHS  IN  THE  RANGE  800  TO  1 300 _ 
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PI.1  Induction  FEL  Design  for  White  Sands  Missile  Range 

George  R.  Neil,  JA.  Edighoffer,  P.  Livingston,  TRW  Space  and  Technology  Group,  J.M.  Rawls, 

General  Atomics,  and  1.  Smith,  Pulse  Sciences,  Inc. 

Rl/2104, 1  Space  Park 
Redondo  Beach  CA  90278 


A  TRW-led  industrial  team  has  dasignad  a  high  power  free  electron 
laser  for  the  White  sands  Missile  Range  to  investigate  transmission  of 
high  average  optical  power  through  the  atmosphere. 


Lasers  (Light  AmplHication  by 
Stimutatnt  Emissan  of  RadotkinJ 


TW  Graed  9mai  ftm  Otetm  \jm  Tadmaltif  hmjHiw  Crp— a—  (GBfa  TP  ^awiei 
a  frst  fkm  af  •  grumiten^  Fret  Qacttoa  Umt  (flU  Prsfraai  mmmtti  H  ttm 
U4.  Anav's  Swata^  Dalaaaa  Cawanaad  N  tMl  dasHeaWMa  inlanlipi.il  faaiMlv  at 
Aaaalipn  m4  miapaliag  dm  Lasar  mi  Bams  Caert  SahiTitaaw  m4  fcameiam  tlw 


I  the  flaiMtv  to  coaar  a  tMdi  rMp  at 
iwtetowdtt  at  trtrawih  pawiarv  Tha  ladctiM  Free  Bmirofl  Lasar  (IfBJ  alaa  paaKai 
patm  Carmr  AailBilrr  mi  «  diractfr  scaMdt  id  mmt  Phna  pawar  uparaiwiafi. 


MOUCTNM  rm  QKTRON  LASEftS  (IFaD  aaa  i 

•  at  itaiiiani  ai  a  pite  larmai.  awanie  peaiar  ia  adM«e4  hy 
Bia|  *a  mcaiainai.  Daa  M  dia  aiiraamtf  hrga  alacvas  canasta 
WMSwaraa)  pratead  hy  dmaa  amrtisat,  «aiY  la^  apecat  fMa  111*)  cae  ba  adasMd 
fsatiii^B 


induction  Lkiac  Operating  Principles 


Inkclni  nil  ancnk  tte  dacvon  tiwn  pill.  CiUn  M  2S0  kV  mini 
PnIks  Io  each  malviliK  cel  gip  T**  W  velivi  ■>  pieMiMad  tram 
shorting  out  on  the  boomhno  by  hgh  eiduclonco  fonite  daks  so  Ihot  the 
hdl  occotofoiing  Miogo  is  ipplod  to  the  bnom.  As  tfcn  olocttons  spool 
past  each  accohration  gap.  they  rocoivo  an  aicrantantl  onargy  kick, 
gatkating  momantum  each  tima.  Tka  (enitas  than  damp  not  i 
einctnimsywtic  mka  tMds  praducad  as  the  alactrons  pass.  This  i 
aloim  asttemely  high  beam  cinents  to  ha  ttampattad. 


Induction  Linear  Accelerator 


A  pidu  sf  gtscWtt  n  wMMpiosdi  long  is  prediicad  by  thtnsioaic  t 
(»  a  TV  «d  ntfp  hM  tram  d»  fgiciv  s  cathode 


etoctns  Mdi  diet  drwo  iho  elocwom  lo  appraoch  ilw  spood  of  i^.  Thoy  tiH 
da  ZlVaanr  aotoisUy  os  a  twesofaaia  diasota.  Ltkinaiyai  beam  at 
17B  MeV.  Is  losa  das  ant  secosd.  lf£U  cat  be  IhrottM  to  hdl  powa  frost 
•  law  pdM  rate,  low  powa  #aii  idte  siode  used  to  cosfinh  porformanca. 
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Wiggler  Operation 


As  ralstivistic  sleciiiiiis  ate  luced  to  oscifate  by  the  wyigglet  and  intetact 
iMith  the  light  beani.  they  bunch  Into  dislis  sepwated  by  the  optical 
wavelangth.  while  pcoviding  large  eiponential  gam.  After  bunching  is 
ceniplete.  these  dsks  radiste  optical  power  coherently  Hie  antennas.  During 
eiponential  growth,  the  optical  mode  is  cleaned  up  as  the  central  core 
oi  die  beam  rapidly  grows  more  intense  and  noise  drop  away  in  a  process 
caled  gain  guiding.  Alter  the  bunches  form,  the  electron  beam  continuously 
focuses  the  ight  beam,  guiding  H  through  the  tapered  region  of  the  wiggler 
in  another  process  called  optical  guiding. 


Wiggler 


An  aftarittlng  mngnetK  field  makes  the  eiecUon  beam  trajactory  Mitti 
a  permd  that,  m  the  refeience  frame  of  the  reiativatc  etoctrorrs.  s  resanafit 
Mith.  and  alows  transfer  of  energy  to,  the  optical  beam.  Key  to  efficient  wnggler 
Qperatnn  » ths  matchmg  of  the  magnetc  field  along  the  hdl  length  of  die  wiggler 
as  the  electron  beam  energy  decreases.  The  IFEL  employs  etoctromsgnets  that 
are  fanly  nsansHive  to  radietion.  and  their  fields  can  be  tapered  m  reel  time 
to  match  the  decrease  m  electron  energy.  The  magnets  are  powered  using  a 
binomial  wmding  pattern  that  ekmmtes  steering  enors  mtroduced  by  changes 
in  field  strength. 


Master  Oscillator 


repetition  rate  optical  choppor  Three  stab  ainplifters  pass  the  beem  back  and 
forth  II  times  along  a  tigiag  path.  Raman  conversmit  shifts  the  wavelength 
dose  to  an  eWMsphoric  absorption  bne.  The  beem  can  be  switched  between 
iirumlingths  to  change  the  degree  of  aimospherK  absorption,  healing,  and 
themuri  bbommg.  Switching  a  so  fast  that  atmospheric  properties  reman 
constant  during  the  experiment. 


Master  Oscillator  Layout 


Face  pumped,  multi  faceted  NdtrAG  oystal  sUn  provide  tbe  long  btam 
patfis  needed  to  amplify  the  ring  ieser  pidse.  Ouhng  Raman  convanion. 
die  pump  beam  at  1.064  .im  aiteiacts  with  deuterium  muleculus  lo  creme 
the  lequued  1.097  ^.m  Reman  shitted  IStohesI  light  lor  die  seed  pube 
wtide  letanng  a  linewidth  narrower  than  any  atmospheric  absorption  bie. 


Optical  Conditioning 


The  high  guabty  opucel  beam  comaavng  optical  harmonics  eids  the  wiggler 
and  eipands  by  ditfraclion  leducmg  the  power  miensity  Three 
comptamentary  harmonic  attenuatmg  lectmgues  largon.  water  scnddiers. 
and  prism  lens)  dean  die  beam  since  no  seigle  enenuator  covers  die  entire 
harmonic  spectrum.  A  lelormatimg  telescope  reshapes  the  output  from 
e  Geuiaian  to  ■  fbi  lop  irradiance  dnlrdiutian  This  drslributton  maiimiies 
Beam  Control  Subsystem  utdiiy  end  redstributes  die  thermal  load  uniformly 
across  die  optical  surfaces 


Optical  Conditioning 


RarHied  argon  filling  the  vacuum  pipe  absorbs  the  hard  ultraviolet  ioniiing 
radiation.  Next,  a  supersonic  steam  scrubber  strips  the  beam  of  its  mid- 
idtraviolet  photons  Finally,  an  uncoated  prism  refracts  the  remaining 
harmonics  out  of  the  beam  path  to  be  absorbed  by  an  optical  beam  dump 
along  the  pgie  wal.  This  pnsm  «  aligned  (o  Brewster's  angle  f55.4  degrees 
for  fused  sdical.  At  ifus  angle,  a  surface  reflects  less  than  Oi  percent 
of  the  incident  light.  Absohifety  no  harmonics  are  transmitted  to  the  Beam 
Control  Subsystem. 


Battery  modules  provide  a  higMy 
regulated,  rebable  prime  power  source 
under  fuff  conirof  of  the  TIE  operator. 
Surge  demand  on  the  electrical  grid  is 
eliminated.  Futty  protected  DC  voltage 
at  up  to  3.7  kV  is  provided  from  each 
module  driving  a  single 
accelerator  module  power  train.  The 
sealed  batteries  use  dry  electrolYtes 
and  require  minimal  maintenance. 
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PI.2 


OPTIMAL  BASIS  EXPANSION  FOS  SOLVING  TIME  DEPENDENT  SCHBADINGER  EQUATION  : 
SIMULATION  OF  GUIDING  AND  MULTIMODE  MECHANISMS 


D.IRACANE  and  J.L  FERRER 

Commissariat  4  I’Energie  Atomique,  ServW  PTN,  B.P.n*12,  91680  BRUYERES-LE-CHATEL,  IHANCE 

Free  Electron  Laser  beam  propagation  can  be  described  by  Time  Dependent  SchrOdinger  type  equations.  For  strongly 
time  dependent  problems,  a  set  of  complex  static  vectors  is  proposed  as  a  natural  basis  which  enables  to  solve  efHciently  a 
simplified  model.  Guiding  and  multimode  phenomena  are  simulated  by  using  this  technique. 

PURPOSE  OF  THE  PRESENT  WORK:  To  provide  simulations  of  a  Compton  FEL  taking  into  account  both  bidimensional  effects 
and  multimode  mechanisms 

MODELIZATION  OF  A  COMPTON  FEL 

Singlemode  model: 

*  A  KMR  model  to  simulate  the  longitudinal  part  of  the  interaction 

*  Each  longitudinal  macro-electron  has  a  constant  radial  profile  S(r) 

*  Each  laser  harmonique  satisfies  a  2D  Time  Dependent  SchrOdinger  equation 

Multimode  model: 

*  The  electronic  distribution  is  assumed  to  be  periodique  with  a  periode 

*  The  laser  field  A^^  is  expended  as  a  sum  of  Fourier  modes  (n«N):  kjj=(l+n/N)lCj^ 

Main  features : 

*  Self-consistent  filling  factor  R(t)  «  S(r)  .  A^(r,z) 

*  The  whole  system  is  conservative:  E(electrons)  +  E(laser)  «  constant 

*  Guiding  effect  are  qualitatively  recovered  for  a  cost  comparable  to  ID  models 

*  Mode  competition  and  sidebands  are  simulated  from  noise  to  saturation 

A  NEW  TECHNIQUE  FOR  SOLVING  TIME  DEPENDENT  SCHRQPINGER  EQUATION 
liquation:  t3^  tp  =  H  .  <p  ;  <p(0)  «= 

Example .  H=-A/2k  ;  =  exp(-r^  /2o^) 

— >  (p(z)  =  exp(-r^  /2p^)  ;  ^  *  izJV. 

Problem:  for  strongly  time  dependent  regimes  (  z/k  »  )  ,  techniques  using  standard  basis  expansion  have  poor 

convergence  properties. 

Optimal  basis:  a  set  of  complex  static  vectors:  u^^  =  exp(tniH^)  .u^j  ,  where  u^^  is  a  seed  vector,  6  is  a  time  increment, 
H,.  is  an  Hamiltonian.  Each  vector  is  an  instantaneous  picture  of  the  propagation  of  u^  with  H„.  When  (u„,H„)  are  closed  to 

B  _  U  B  OB 

(o  ,H),  efficient  calculations  can  be  performed.  For  FEL  simulation  u„  is  a  Gaussian  and  is  the  Laplacian  operator. 

0  OB 

Main  features: 

*  The  Complex  Basis  |u^|  is  characterized  by  2  uncorralated  scales,  one  in  u^  to  fit  the  scale  of  the  initial 
condition  one  in  to  fit  the  scale  of  the  dynamics  H.  In  contrast,  standard  bases  are  defined  as  a  set  of  eigenmodes  of 
and  cannot  include  to  scale  of  the  initial  condition. 

*  The  Complex  vectors  u^  are  time  independent  So,  we  avoid  spurious  non  linearities  that  may  appear  with 
time  dependent  rotating  ba.ses. 

*  The  round-trips  in  a  standard  cavity  are  simulated  by  a  matrix  multiplication.  Moreover,  the  evaluation  of 
this  matrix  in  the  Complex  Basis  is  straightforward. 


31 


Figure  1  Figure  2  Figure  3 

Illustration  of  a  self-consistent  calculation  of  the  gain  and  the  radial  profile  in  an  amplifier: 

Fig.  1  -  Free  propagated  laser  field  in  a  10  meter  amplifier. 

Fig.  2  -  Laser  propagation  in  a  non  tapered  wiggler  ;  the  final  gain  is  4.  Note  the  untrapping  of  the  laser  field  when  the  gain 

decreases. 

Fig.  3  -  Laser  propagation  in  a  tapered  wiggler.  Gain  raises  up  to  125. 


Figure  4  Figure  5 

Illustration  of  gain  guiding  and  multimode  simulation  in  an  oscillator: 

Fig.  4  -  Laser  mean  square  radius  measured  ai  exit  of  the  wiggler  in  an  oscillator  system.  Comparison  between  interacting 
laser  radius  and  free  laser  radius  shows  strong  gain  guiding  and  weak  diffractive  guiding. 

Fig.  B  -  Multimode  operation:  15  laser  modes  start  from  noise  at  the  same  level  and  increase  to  the  saturation.  The  evolution 
of  the  total  power  P  in  a  macropulse  is  given,  up  to  a  normalization,  by  the  dashed  line.  The  ratio  of  the  power  in  a 
given  mode  and  P  is  plotted  by  a  full  line.  The  mode  competition  leads  to  a  unique  mode  F  in  the  200  first  round-trips. 
Then  an  expected  sideband  S|  raises  up.  After  600  round -trips  a  second  order  sideband  appears  between  F  and  Sj. 
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P*.3  THEORY  OF  HARMONIC  RADIATION  USING  A  SINQLE-EIECTRON  SOURCE  MODEL 


^  J-  Mid  C.  J.  Elliott 

Los  Alamos  National  Laboratory 
R  O.  Box  1663,  MS  E531 
Los  Alamos,  Now  Mexico  87545 


Tli«  mcchanisnu  tfaat  gsocnte  tianaaiiic  radiatioa  ia  (tm 
dectroD  lasen  are  explored  uaing  a  diatributed  aingle-elactron 
•ource  modd.  The  modd  indudea  the  efftcte  of  miaatifninenta 
and  traoaverae  gradknU  of  the  electroQ  heam  aod  wiggler  field. 
The  computed  transvene  apatial  profilea  of  the  hannonica  are 
ahown. 


•  Work  performed  under  the  auapicea  of  the  U.  S.  Depart¬ 
ment  of  Energy  and  supported  by  the  U.  S.  .^rTOy  Strategic 
Defense  Command 


IMPETUS  FOR  AN  IMPROVED  MODEL 

•  Electron's  radiation  phase  Buctuataa  over  a  wiggler  srave- 
length 

a  This  fluctuation  is  conelated  to  specific  tranavefM  loca¬ 
tions  with  respect  to  the  electron's  guiding  center  positioo 


•  ConventioDti  uodels  average  away  these  fluctuations 

a  This  type  of  averaging  ignores: 

-  Even  harmonic  radiation  (which  exists  for  aligned  sys¬ 
tems) 

-  Higher  order  structure  of  the  harmonic  radiation  pat¬ 
terns 


CONCLUSION 

The  source  functions  must  he  modeled  explicitly 
to  achieve  the  correct  hatmonk  radiatkie  pattern 


a  Radiation  by  an  electron  at  the  various  harmonic  fr^uen- 
ciea  de^ds  on  the  angle  the  electron  makes  with  the  wig¬ 
gler  axis 

.  This  angle  varies  as  the  dectron  travels  t^ugh  the  wg- 
^er  due  to  dectron  beam  misalignment,  betatron  moti 
and  dectron  beam  focusing 

.  The  instantanwais  guiding  caiter  ^  is  cakulatwl  for 
each  electron  as  it  travds  through  the  wiggjer 

e  As  the  angle  for  each  dectron  diangee, 
fcient  for  each  dectron  for  each  harmonic  is  modified  eta 

tabulated  values 
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(cm)  “  5.00x10 


Harmonic  Modeling  with  Multi-Polee 


MM  is  the  guiding  center  portion  in  y  J  Mh  «  the  guiding  center  pontioo  in  y 


■•9  A  DenxMistration  of  Loss  Modulation  and  Cavity  Dumping  in  a  Free-electron  Laser  Oscillator 

Stephen  V.  Benson,  John  M.  J.  Madey  and  Eric  B.  Szarmes 
Department  of  Physics,  Duke  University 
Duiliam  NC  27706 
and 

Anup  Bhowmik,  Jeff  Brown,  Phillip  Metty  and  Mark  Curtin 
Rockwell  International,  Rocketdyne  Division 
6633  Canoga  Ave.,  Canoga  Pk.  CA  91303 

The  performance  of  an  intracavity  faHminm  telluride  electro-optic  cell  in  a  free-electron  laser  will  be 
described.  The  cell,  installed  in  the  Stanford  Mark  ID  IRFEL,  was  used  to  either  modulate  the  t^tical 
cavity  losses  ot  to  dump  the  stored  optical  cavity  energy  or  both.  The  results  of  the  experiments  will  be 
presented. 


Abstract 

Wa  hava  imlalad  a  cadmkm  takirida  alacbo  oplic  cat  in  lha  Mark  IH 
IflFEL  al  Staniofd  and  utad  N  bodi  lo  nNxkilala  dia  cavity  lossai  and  lo  twftcfi 
out  lha  ilocad  anacgy  ki  tha  optical  cavity.  Tha  cal  oparalaa  by  ralalng  lha 
polaruation  at  lia  kgM  ki  lha  cavky.  Tlwa  both  laducas  lha  gaki  and  InctaaMi 
IM  lossat  duo  to  In  piasanca  ol  an  inkacavky  Browalor  plala.  By  totaling  Im 
polafitakon  quickiy  by  SO*,  k  ia  poaaibla  to  dump  up  to  hail  oi  lha  kikacavlty 
powat  ki  a  akigla  pass,  ki  oidet  to  laduca  powor  levala  on  lha  elaciro  optic 
cal.  wt  kiitalad  a  baam  anpanding  lalascopa  to  leduca  liia  hianca  al  Iva  cal 
byalaclotol  10.  Tha  cal  wat  drivan  by  aklwt  an  HF  ot  OC  high  vollaga 
pulsa.  Iln  flF  pUsa  waa  lockad  to  Iw  ainlielh  subtiatmonic  ol  lia  aocalatatar 
kaquancy  which  coriaapands  to  Iw  found  kip  kequoncy  ol  Iw  optical  cavky. 
laiga  voMagaa  waia  taqukad  to  shut  Iw  laaat  o«  anboly.  Ilw  kiu 
inodulalton  was  saan  to  ba  a  Kmclon  ol  cavky  iangli  detuning,  as  piadlcted 
bylwaiy. 


Abstract(cont.) 

ki  order  to  dump  Iw  opical  cavky  whan  ki  DC  nwda.  I  was  only 
nacassary  to  apply  a  pulsa  to  Iw  a  o  cal.  Whan  Iw  a  o  cal  was  oparalad 
In  RF  mods.  Iw  RF  was  shilled  in  phasa  by  ISO*  In  order  to  dump  Iw  kglk. 
Tha  phasa  shin  was  stowed  by  Iw  high  Q  ol  Iw  diiva  ckcuk.  Tils  caused 
Iw  cavky  dumping  to  occur  over  a  period  ol  about  S  cavky  round  kips. 
Enhancamams  in  Iw  oulcaupled  power  by  a  lactor  ol  Ian  ware  seen. 

Despka  Iw  baam  asparulng  lalascopa.  apical  damago  ol  Iw  a  o  cal 
was  saan.  This  avanlualy  shut  oH  Iw  laser  wlwn  kikacavky  lossas 
approached  50%  par  pass. 


Background 

Tha  FEL  Is  a  lasar  wkh  aakanwly  high  saturation  inlensky  but 
lypicaly  tow  to  kkarinadaW  gain,  lha  cavky  tosses  arousualytmal 
rasulkng  in  oulpik  powar  wliicli  is  siiial  compared  to  Iw  salucalion 
power.  I  woutd  be  rprka  nice  I  orwcoutd  dump  Iw  kikacavky  powar  in 
ordar  to  kaaasalwoulcoupladpaak  powar  lliis  has  been  dona  In 
corwanlonal  lasars  to  kicraasa  Iw  peak  power. 

Savaral  problams  arisa  whan  orw  skerripls  to  usa  an  alacko  oplc 
(a  o)  cal  in  a  FEL.  Tha  irsi  is  Iwl  Iw  liigh  inkacavky  powar  ona  is 
trying  to  dump  causaskansisnt  or  parmanorkdarnaga  to  Iw  s  o  cal. 
Tha  socond  is  Iwl  Iw  kwackon  lossas  can  ba  ralrar  liigli.  leading  to 
dMculty  lasing.  Ona  is  usualy  torcad  to  usa  onl  raltedon  coalings  on 
Iw  a  o  cal  which  taducas  Iw  usahrl  barahridli  ol  Iw  cal  FInaly.  Iw  a 
volaga  ol  Iw  cal  ia  ptoporlonal  to  Iw  wavolengli.  wUch  mokes  tong 
wavatangdi  cavity  dumping  aspadalyliatd  to  do. 
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Low  Intensity  Response  of  P.C. 
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Exiracavily  Tests 

Tha  lxl  .2xl  .S  cm  Cadmium  TeHurkle  ccyslal  was  mounledon  Ilia  bench 
in  ttw  Ffta  etoclion  lasar  lab.  H  was  diiven  wllh  a  2  |isoc  Hal  lop  pulsa 
hom  a  puba  lofming  netwoik.  Two  Iasi  dalaclofs  wore  used  lo  measure 
Iba  inddanl  and  Iransmilled  power  as  a  function  of  Hma.  Neutral  density 
Mlait  were  used  lo  vary  the  intensily  ol  llie  incideni  hglil  The 
Free  alacbon  laser  was  o|ieialod  al  3  pm  with  8  inJ  maximum  energy 
incideni  on  lha  crystal.  A  ZnSe  Brewsier  plate  slack  from  II  VI  Corp.  was 
used  lo  atialyTe  Ilia  radiation  Iransmilled  lluougli  Ihe  crystal. 

I  was  louid  Xial  lha  crystal  worked  properly  al  low  inlensilies  hul  tailed 
lo  rotate  lha  polarualion  al  high  lluences.  The  failure  was  transient  and 
was  dependent  on  hienca  and  nol  intensity.  Willi  the  combination  ol  loss 
modulation  and  cavity  dumping,  il  was  concluded  Uial  the  crystal  should 
vM)tk  properly  in  Uie  FEL  cavity  but  Ural  II  was  near  Uie  Uvesliold  lor 
IransianI  darivaga. 
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CONCLUSIONS 


Eieciro  opiic  ceH  proved  capable  ol  operaling  oi  fluences  simitar 
lo  those  in  a  loss  modulated  cavity,  transient  bleacliing  was 
foiHKl  loi  higher  losses  This  occured  at  a  tower  liuence  than  Uie 
pviinanenl  damage  lluence. 

Initial  inseibon  losses  agreed  with  expectations.  Total  losses  ol 
16%  were  measured  wilh  4%  losses  Iroin  the  mirrors  and 
Brewster  plate.  This  is  m  reasonable  agreement  with  the 
prediclionof  1 1%  mseriion  losses.  Insertion  losses  gradually 
irx^reased  lo  over  50%.  Ties  seems  to  liave  been  caused  by 
some  conianiirtanl  which  migrated  out  ol  the  surrouodir>g 
ceramic. 

Both  loss  iTKxIulatior^  and  cavity  dumping  were  seen  Both  ellecis 
were  hmiled  by  the  speed  ol  llie  drive  electronics  Only  5  or  6  ol 
tfie  60  possible  btinclies  in  llie  cavity  lased.  and  tlie  cavity  was 
dumped  in  5  round  trips. 

Electro  optic  cells  appear  lo  he  leasible  lor  FEls  il  Ihe  intracavity 
lluerKe  is  kept  small  aiKl  the  roiMid  trip  Iwne  is  slow  enough  tor 
electronics  to  drive  Ihe  ayslnl(tO  MHz  is  slow  oiHHigli)  they 
become  less  leasible  lor  wavlengiiis  ol  more  than  a  lew  miaons. 


dumpiof  Ear^r  'cavity  dumping' 

(i.c.  vcr7  bifh  lofses) 
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IS  nr  NECESSARY  TO  ASSUME  A  NEUTRALIZING  UNIFORM  BACKGROUND 

WHEN  DEVELOPING  A  THEORY  FOR  THE  FEL  IN  THE  COLLECTIVE  REGIME? 

A.  Bourdier.  J.M.  Buzzi. 

Laboratoire  de  Physique  des  Milieux  Ionises,  UPR  287  du  CNRS 
Ecole  Polytechnique,  91128  Palaiseau  Cedex  (France) 

*  Also  in  Centre  d'Etudes  de  Limeil-Valenton,  BP  27, 

94190  Villeneuve-St-Georges  Cedex  (France) 

We  start  with  the  Vlasov  equation,  assuming  that  there  is  no 
neutralizing  background  in  the  beam.  In  our  model,  the  electrons  are 
subjected  to  an  electrostatic  field  as  the  propagate  along  the  magnetic 
field.  We  obtain  a  result  similar  to  Bernstein's,  plus  an  additional 
term  which  vanishes  as  B^  increases. 


W«  consider  a  aoniMutral  liiftnitaly  lon^  bcaa  propa9attnq  aloiif 
We  work  in  (raises  such  as  «  O. 

Considering  the  electron  density  in  the  colunn  in  constant  we  find 
a  steady  state  solution  (or  the  Vlasov  creation  /I, 3/.  Assuaing  a  rotor 
cquilibtlua  we  (ind  /]/ 

f,  («.  if)  •*,(■-  Og  J,  ,  »,) 


is  the  constant  velocity  corresponding  to  the  aean  asinuthal  aotion 
of  the  coluao.  If.  7^  are  the  single-particule  constants  el  the 

aotion  (total  energy  and  two  caaonical  aoaentuas).  Trana(oralng  the 
Vlasov  eguation  to  a  (raae  o(  reference  rotating  with  angular  frequency 
we  obtain  /4,'j/ 


(  -  ^  V  .  •  . 

dt* 


when  /l-S/ 


3  d  ^  . 

2  ‘>u»  VA  — —  —  )  (,  (»■.  I*'.  t'J 

“  la.i  4if  ‘ 


Bj  I.*',t').  —  (,  ‘■',1 


-  —  i  t  (I  - 


) 

“d" 

«n  e*M. 


(n  the  strong  liait  that  we  consider  here,  we  have 

c  E-(r) 


r  8. 


^ich  corresponds  to  thr  a  rotation  of  the  coluan. 

la  the  rotating  (raac  the  electric  field  doea  not  appear  and  the 
equilibriua  disti tbut inn  function  la  spatially  unifora. 

rollowlng  Bernstein  /C/.  we  can  find  again,  in  the  rotating  franc, 
bit  result  (or  (^  taking  electron  cyclotron 

frequency.  We  obtain  the  sane  result  using  the  trajectory  acthod 

In  what  follows  we  work  in  one  of  these  rotating  (ranes,  and  wc 
atop  using  the  priac  notation. 

We  consider  now  that  the  radial  electric  field  has  the  following 

(ora. 

i  l«*.  l)  E*  («*t|  ♦  *  E*  («T  t| 

OT  O  o 

The  electron  dernity  in  not  quite  unlfora.  f^fiT.t)  is  the  field  due  to 


39 


» m‘*n  «}«/:  •.}  j  ^  •<  :  I  <1  vjry  « lowi  y  w  j « t«  «  : .  .  i  «  ,  .u  «  . 

l.tit  l-i  ti  t  mi  1 1 1  iig  to  Ati'-tinkc  1 1-<-  (-(•  •.•.i.  t-c.iri 

IS  «  |tl«»na. 

Tint  wc  uolvt.-  tile  lliu'.iiizcd  VlASOV  t'x].  ubtr-.j  i  !'.«•  geiirittl 
leciini<)uc  ot  |>crfo(inifuj  Pourici  4ii(1  Laplac*  tr^nsforput  :ofi.  i i.i  i oiocing 
cylindrical  coortlin^lcs  vo  obtain 


-10  ain  (ip-r) 

e 


kx  vx 

with  ®  *  ^  ■  - 

“b 

The  %fave  vector  of  the  electrostatic  wave  la  assucae  dco  he  m  the  (k  o 
t)  plane.  II  Is  some  bounded  tunctlon.  la  some  ftincti<^n  such  as 

«  •  when  |uq|  *  m.  The  expresalon  we  wave  derived  lot  1^  is  the 
one  obtained  by  Oernstein  /6/.  plua  an  additional  term  wtnei-  vanished 
as  increaaet. 

We  can  find  a  alnilar  result  usinQ  the  trajectory  nechod  /:  •>  . 


sin  w.yi 

CUS  -yl 
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N  • 


I.el  1  .  t  *  ■  t  - 


I  1 

t  --  (  1 -  O 

u.j,  COS  I 
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t  O 

“'h 

O  0  1 

the  •ioliiiion  of  the  linear  ijed  Vlasov  Eq.  writes 


*  '-'f  •  U  •  rf  •  f>:r  eJ 


The  unperturbed  motion  ol  one  electron  with  nut;.i.  velocity 
(v^coa  e«  -  ain  e.  initial  poaitlon  is  qiver.  ly 


l  I  «'i  1*1  the  e»  I'l  I  uii  given  l>y  Ib-i  nwU  >  >•  (■/»>..  *  >  >.  A  .  a 

i(i»«'(|>iencc  wtien  iiun  |>arameto(  lu  amall  enoogi*  ««'  <  .<  n.ive 

a  plasPUi. 
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PI  9  A  MODIFIED  TWISS  PARAMETER  OPTICAL  TREATMENT  FOR  SPACE  CHARGE 
DOMINATED  ELECTROSTATIC  ACCELERATOR  FREE  ELECTRON  LASERS 

DJ.  Larson 

Center  for  Research  in  Electro  Optics  and  Lasers 
124^  Research  Parkway,  Orlando,  FL  32826 

ABSTRACT  --  The  design  of  electrostatic  accelerator  Free  Electron  Lasers  requires  an 
optical  treatment  of  the  accelerating  electron  beam  that  includes  the  effects  of  finite 
emittance,  space  charee,  and  acceleration.  Use  of  a  canonical  tra^formation  ^ows  the 
problem  to  oe  treated  in  a  new  coordinate  system  where  the  Twiss  parameterization  of 
Q)urant  and  Snyder  may  be  employed. 


x''+igc  =  0 


and 


K^=^0 


Equations  1.  For  piecewise  linear  restoring  forces  the  position  of  a  Darticle  evolves  as 
governed  by  the  alMve  differential  equations. 

^  ^  S’  ^  s  ’ 


^uauons  2.  For  a  particle  beam  with  an  elliptical  cross  section,  with  the  dimension  of  the 
beam  m  the  x  direcuon,  wj  the  divergence  of  the  beam  in  the  x  direction,  the  dimension  of 
the  beam  m  they  direction,  and  w  '  the  divergence  of  the  beam  in  they  dire&on,  Courant  and 
Snvder  parameterize  the  beam  by  the  above  functions  o,.  and  e  and  e.  are  the 
phase  space  areas  of  the  beam  (the  emittances).  ^  ^  .  y  -x  'y 

Equations  3.  Courant  and  Snyder  derive  the  above  coupled  differential  equations  relating  the 
functions  (x^,  oy  and  ^ 

^  _  and  ^ 

ds  ds 

-  shown  that  the  linear  contribution  of  space  charge  can  be  included 

in  the  analysis  via  the  above  equations.  b  mviuuw 

Px  =  and  Py  =  pym^ ' 

Equations  5.  The  momenta  may  be  re-expressed  as  above. 


sex 


(Pr)'  ,  „ 

and 

<!> 

where 

and 

>CEo»v>,+iVy)m^ 

(Py)',  ^ 

(Pt)^ 


Equations  6.  Combining  Equations  4  and  5  leads  to  differential  eauation«  fnr  o,-  _*•  . 

trajectories  that  depend  on  t?e  first  order  (acceleration)  ^  ®qnauons  for  the  particle 
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G  =  -  -  ^9)2  -  -  qA^)2  _  (p^  _  ,  (;„^2)2]i/2  _ 

SSnglhSbeaSSI’Sftle  “  given  above,  using  distance 


u^fx. 


the  independent  variable. 
v=/y. 


and 


P,=Py/f^ 


Equations  8.  ApplyiM  a  canonical  transformation  to  the  Hamiltonian  of  Equation  7,  using  the 
generating  function  P^  =  ■*"  fP\fy*  leaves  the  conjugate  coordinates  and  momenta  as 

given  above. 

G*  =  -  -  {PJc  -  qA^f  -  {PJc  -  qA^cf  -  -  qAf  +  P^cuf'lf+P^'lf . 

Equation  9.  The  transformed  Hamiltonian  is  given  above. 

w"+X„M  =  0  and  v''  +  /^v  =  0 


where  ^  =  - 


IL 

f 


Krr 

71^’ 


^  f  W 


with  4-=-[^] 


qK  f(Y^  +  2) 


Equation  10.  1^  maJ^g  use  of  Han^ton’s  relations  on  the  Hamiltonian  of  Equation  9,  and  by 
specifying/  =  and  after  tedious  algebraic  manipdation,  the  above  simple  differential 

equations  are  obtained.  The  affect  of  acceleration  is  seen  in  the  term  containing  the 
accelerating  electrostatic  field,  and  the  space  charge  affects  the  particle  trajectories 
through  the  terms  and 

Up  F  ^  ^  o  e  ’ 


a,= 


ttWyW/  _  _  tcPyiv 


^  k' 


ny 


''ny 


2pym^ 
q^Q^^ 


Y«  = 


''nx 


^nx 


] 


7DV 


^ny 


V  _ 


TlpY^S 


Yv  = 


P« 

1  +  g? 


'^ny 


Equations  10  is  identical  to  the  form  of  Equations  1,  the 
parameterized  by  the  analogous  functions  oc.,  B,  a,  and  B  ,  related 
to  the  beam  size  and  divergence  as  given  above.  ^  ^ 

“u'=*»Pu-Y„.  P;  =  -2a,,  <  =  /i:A-rv,  P;  =  -2a, 

fe“cSinfL'SEq‘“3.“'  P“~  “  by  equatio.» 

“f  bvolmion 

those  arising  from  dipoles  quadruooles  and  ^^her  hnear  forces,  such  as 

analysU.  ^  and  undulator  magnets,  are  readUy  included  in  the 
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PI.10 


Three-Dimensional  Simulation  of 
IVee-Electron  Laser  Harmonics  with  FRED* 

W.  M.  Sharp,  E.  T.  Scharlemann,  and  W.  M.  Fawley 
Lawrence  Livermore  National  Laboratory 
Livermore,  California  94550,  USA 


FRED3D,  a  single-mode  three-dimensional  version  of  the  FEL  simulation  code  FRED,  has  been  modified  to 
follow  signal  growth  at  even  and  odd  harmonics  of  the  fundamental  frequency.  The  derivation  of  the  wiggle-averaged 
particle  and  field  equations  is  presented,  as  well  as  their  implementation  in  FRED3D. 

*  Performed  jointly  under  the  auspices  of  the  US  DOE  by  LLNL  under  W-7405-ENG-48  and  for  the  DOD  under 
SDIO/SDC-ATC  MIPR  No.  W31RPD-&-D5005. 
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PL11 


A  EXPERIMENTAL  STUDY  OF  A  SHIELDED  PULSED  ELECTROMAGNET 

WIOOLER  CONCEPT 

C.  Zhou,  M.  Wang. 

Southwest  Institute  of  Electronic  Engineering,  Chengdu,  PRC 


DIGEST: 

In  PEL  devices. electronagnet  wigglers  are  con- 
ventionaly  used. This  wiggler  design  can  be  ea¬ 
sily  fabricated  and  since  it  is  an  electroaag- 
net,  the  field  can  be  continuously  varied  over 
a  wide  range. thus  allowing  careful  optiaizati- 
on  of  the  PEL  design  with  relative  ease. Never¬ 
theless,  a  significant  side  leakage  flux  exist¬ 
ing  between  two  adjacent  nagnets  haapers  the 
perforaance  of  the  aagnet.  This  effect  is  aore 
serious  for  short-period  electroaagnet  wiggler. 


TrHniivtfr«*i  uuk  ut  Utu  KFSN  l*rototyf«« 


^10.4  Tlia  I'tlUiUfsruH*  ul«b«u  Uto  UI'KM' rrukukypu 


A  new  shielded  pulsed  electroaagnet  wiggler  (S- 
PEW)  concept  is  introduced  for  reducing  the  si- 
deleakage  fluk  effect. In  this  paper,  the  advant¬ 
ages  of  SPEW  have  been  investigated  with  wiggl¬ 
er  period  Aw  of  12cb, working  gap  2  5  of  4.  ten, 
pulse  duration  of  2as  and  naxinun  aapere-turns 
of  12000A.T. It  has  been  found  that  SPEW  has  ex¬ 
cellent  capability  of  reducing  saturation  in 
the  core  and  that  the  field  strength  in  working 
gap  is  up 


Nitf'.bullu  lluliJ  aiivu  roi-w  uit '  lliu  wtru'I'"'  ftidi'ltMiu 
I  i>i‘  butt:  lliu  KM  luiii  fiVKH 


KlUvO  Kiuld  iiuiiuuruiHfitiu  iil  cuitlur  I'ur  buVti  Itiu  PX  uiitl  lil'KM 
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PI  .12  LASING  ON  THE  THIRD  HARMONIC 


R.  W.  Warren,  L.  C.  Haynes,  D.  W.  Feldman,  W.  E.  Stein,  and  S.  J.  Gitomer 

Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 


The  Los  Alamos  Free-Electron  Laser  has  recently  lased  near  4  pm  on  the  third 
harmonic  of  the  fundamental  frequency  of  about  12  pm.  By  a  choice  of  intractivity 
apertures  and  cavity  length,  lasing  can  be  forced  to  occur  on  both  frf^quencies 
simultaneously  or  on  either  one  alone. 


•200  -100  -100  -00  0  «00 


CAVrTVDCTUNMOOim) 


Plate  containing  apertures  of  various 
sizes,  inserted  near  the  downstream 
end  of  the  wiggler. 


Detuning  curves  for  lasing  on  the 
fundamental,  lasing  on  the  third 
harmonic,  and  for  the  third  harmonic 

?enerated  while  lasing  on  the 
undamental.  Three  different 
apertures  were  used:  a)-none;  b)-4.5 
mm  dia;  and  c)-3.5  mm  dia. 
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EFFECT  OF  APERTURES 


Apertures  clip  the  wings  of  the 
fundamental  mode,  introducing 
high-order  transverse  modes 


EFFECTIVE  CAVITY  LENGTH  DEPENDS  ON 
HARMONIC  •  AND  TRANSVERSE  MODE  • 


GEOMETRIC  FUNOAMENTM. 

LENGTH  ^  FIRST  TEN  ^ 

EVEN  MOOES 

'O  i  2  ^  4^"5  6  7  8  9^ 

I  I  I  ,1  1  I  I,  1  L_L  1 

10  20  30  40  so  |im 


3fdR.SMONIC 
FIRST  TEN  ^ 
EVEN  MOOES 


APPARENT 

CAVITY 

LENGTH 


High-order  transverse  modes  have  a 
group  velocity  that  is  slower  than  the 
fundamental  modes,  requiring  a 
shorter  cavity  length  to  Iceep  the 
otpical  micropulses  in  step  with  the 
electron  micropulses. 


LMAkwnot - 


TASLI  I 


CajmlmOien/paw 

Mm 

none 

n% 

99% 

1S« 

9% 

#1 

4S 

n% 

49% 

m 

9% 

2 

40 

90% 

99% 

>9% 

9% 

1 

IS 

u% 

79% 

99% 

7% 

4 

n% 

M9% 

n% 

904 

s 

1  s 

m% 

999% 

— 

— 

Table  giving  sizes  of  apertures  and 
the  calculated  and  measured  round- 
trip  optical  loss  for  the  fundamental 
and  third  harmonic. 
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Electron- Beam  Quality  Degradation  in  a  Long  Undulator  * 
Harunori  Takeda  and  L<^ter  E.  Thode 
MS-n829,  I.OS  Alamos  National  Laboratory 
Los  Alamos,  Now  Mexico  87545 


Under  the  influence  of  space  charge  or  wakefields,  the  transport  of  an  electron  beam  through  a  long  undulator  can 
cause  a  degradation  of  beam  quality.  Using  the  PARMELA  code,  we  simulate  a  beam  pulse  that  travels  through  a 
tapered  undulator.  The  electron  beam  is  focused  in  both  planes  using  parabolic  pole  faces  in  the  undulator.  The 
beam  emittance  and  profiles  are  studied. 


Objects 


We  conshkr  an  electron  beam  transport 

in  a  Long  Undulator  (Untapered  tc  Tapered) 

•  Tbe  Parabolic  Pole  Paces  focuse  beam  in  both  planes. 

a  Simulation  by  PARMELA  Code 

•  Space  Charge 

•  Wake  Field  by  bellowa 

a  Compariaon  with  KV  Eiquation  (Space  Charge) 

We  study  the  Effect 

on  the  Beam  emittance  it  the  Beam  Size 
by  the  Space  Charge  ic  Wake  Field. 


a  We  include  the  focusing  term 
in  the  K.V.  Envelope  Elquation 
for  the  Parabolically  Pole  Faced  Undulator. 


(1) 

(2) 


The  KV  Envebpe  equations: 

^  r*  2rJ 

d»r,  _  ^  2rl 

dT*  “  rj  7*(r.  +  r,) 

The  Space  Charge  Effect  is  proportional  to  Current  J  : 

r»= 

The  Undulator  Focusing  coefficients  Q,  and  are 

(fe)  +‘2 =*=2- 


•  The  Beam  Matching  Condition 
into  the  Undulator 

The  beam  ellipse  must  be  erect;  Qj  =  Oy  =  0  , 
and  x„  = 

Vm  =  ^ 

•  The  Beam  Parameters 
used  in  the  Simulation 

Beam  Energy  :  150  MeV,  Full  iE/E  :  0.72% 

Peak  Current  :  500  A,  Emittance  :  7.32  x  10'’»  mm-mr 
Pulse  Length  ;  21.7  ps 


a  The  K-V  Envelopes 
match  well  with 
the  Parmela  Calculations. 


♦  Work  performed  under  the  auspices  of  the  U.S  Department  of  Energy  and  supported  by  the  U.S.  Army  Slrat.-i. 
Defense  Command. 
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•  Untaoered  70  m  Undulator. 


•  The  Radial  Expansion  of  Beam  by 
the  Space  Charge 

The  K-V  Equation  k  Pannela  Simulation 

•  K-V  :  Unifonn,  Parmela  :  Gauasian 

•  The  Beam  radius  at  4.5  m 

•  The  Current  dependence  match  well. 


•  Tapered  70  m  Undulator 

•  The  Matched  Beam  Expands  Beam  Waist 
in  the  Undulator. 

o  With  Space  Charge  f500  A  Peakl 


The  Space  Charge  Modulates  the  Matched  Envelope. 
•  The  Divergence  reduces  to  maintain 
a  Constant  Emittance. 


•  Conclusion 

•  The  emittance  ellipse  that  enclones  90%  of  particles 
does  not  grow  with  any  combination  of  undulator, 
space  charge  and  wake  held. 

•  However,  the  wakefield  induced  by  the  beam  pipe  bellows 
in  the  undulator  is  significant.  This  doubles  the  energy 
spread  of  the  beam  that  sees  the  bellows  at  every  1.2  m. 

a  The  emittance  ellipne  that  encloses  100%  of  particles 
(beam  halo)  grows  because  of  the  quiver  motion  itself, 
and  by  the  space  charge  force. 

•  Comparing  the  emittance  growths  including  the  beam  halo, 
it  grows  more  in  the  untapered  undulator  than  in  the 
tapered  undulator. 


•  The  Matched  Beam  has  Constant  beam 
Waists  in  the  Undulator. 

o  With  Space  Charge  f500  A  Peak) 


•  The  KV  Equation  Predicts  Envelopes 
Similar  to  the  Parmela  Simulation 


•  The  Emittance  Growth  in  a  100%  Ellipse 

•The  Emittance  in  a  90  %  ellipse  has  no  growth 

in  Tapered,  Untapered,  Space  Charge,  Wake  held. 

•The  Wake  Field  itself  has  no  effect  on  transverse  emittance, 

•The  wiggle  motion  in  an  untapered  undulator  increase  the 
100%  emittance. 


TOm  Untapered 

70m  Tapered 

x-x' 

y-/ 

x-x* 

y-/ 

OA  11% 

0% 

0% 

0% 

500  A  23% 

15% 

17% 

13% 
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Simulations  on  Inverse  Accelerator  and  Harmonic  Generation 

K.  Mima,  K.  Ohia>,  N.  Ohigashi®>,  S.  Kuruma^),  and  S.  Nakai 
Institute  of  Laser  Engineering,  Osaka  University,  Suita,  Osaka,  Japan 
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Abstract 

The  resonant  interactions  of  multi-frequency  radiation  fields  and  electron  beams  in  a  wiggler  have  been 
investigated  by  the  computer  simulations.  It  is  found  that  electrons  are  accelerated  at  a  high  acceleration 
rate  by  increasing  the  wiggler  field.  The  accelerated  electron  beam  is  strongly  bunched.  The  bunch  size  is  a 
fraction  of  the  injected  radiation  wavelength.  The  deleterious  effects  of  the  spectral  spread  of  the  acceleration 
field  are  discussed. 


WIggUr  M«gn«l 


utD/Ax  nt/M 
(MgV/m)  (%) 


Ace«l«r«l«d 


^  D.-T 


Tcgppgd  PgfUcUt 
M  PvUelPP 


Orbit 


Itgnclilng 
;  ^.^wg^h 


(1)  Inverse  FEL  accelerator  concept. 

Formulctlon  (1-01 
dz  2  'Mr 

w,.,.  p 

^  T| 

2)  Basic  equations  for  the  simulation. 

Phat*  Sp«e* 


Ar  I  S.lfb  pM 
II  I  ««  OW 
A*  I  I.S9  pm 
I  1.  If 
A*  I  It  cm 


t**«r  0.f-«  4 

9.b-«  «l 


I  f  19 

t|«|i  *«• 

(b  I  9.1  mm 
%  i  19  A 


0  -Hf/a 

I.MI 


Phase  space  distributions  of  accelerated 
electrons.  The  phase  space  area  reduces 
with  increasing  the  acceleration  gradient. 


TAPER  ABw/Az  (kOgyg9/m) 

Relations  of  trapped  particle  fraction  and 
the  acceleration  rate  with  the  gradient  of 
the  wiggler  field  tapering. 

AZ>P  &Y«d 
(F<n;i  1 


J 


AY.P 

9''R99m 

Efibror  I 


9 -•••  m 

Spgifgl  Sprpbd 
(Z-AbU) 
o.t 


0  oZi  1.2  1.0 

&B«/Az  (kQav99/m) 

The  energy  and  spatial  spread  of  an 
electron  bunch. 


•  Z  s  1 .5  (mi 

.............  t 


Spatial  evolutions  of  the  electron  beam 
phase  space  distribution. 
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simulation 


qi(n|  s 

Effects  of  sidebands  on  the  electron 

acceleration.  The  assumed  spectra  of  the 

radiation  are  shown. 

case  (1)  2-sidebands 

case  (2)  gaussian  spectrum 


The  dependences  of  the  phase  space  spread 
of  an  electron  bunch,  on  the  sidebands 
wavelength  spread.  The  sideband 
intensity  is  1/60  with  respect  to  the  carrier 
wave. 


(10)  Sideband  power  dependences  of  a  bunch 
spread  and  the  trapped  particle  fraction. 


(11)  Effects  of  gaussian  spectrum  on  the  bunch 
length  and  the  trapping  fraction. 


The  same  as  Fig.(8)  except  the  sideband 
intensity  is  1/10. 


Summary 

(1)  Quite  high  acceleration  rate;  lOOMeV/m  is 
achieved  by  the  wiggler  fleld  tapering  with 
60  GW  of  2.3  pm  radiaUon 

(2)  The  bunch  length  is  reduced  by  increasing 
th"  tapering  rate.  The  bunch  width  can  be 
le.  than  0.2  pm. 

(3)  The  side  bands  heat  up  the  electrons  and 
increase  the  bunch  size  significantly. 

(4)  The  frequency  spread  of  the  sideband,  AX/X 
has  to  be  less  than  1/Nw 

(12) 
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STABLE-UNSTABLE  RESONATOR^FOR  FREE-ELECTRON  LASERS 
WITH  A  STEPPED  GRATING  FOR  SIDEBAND  SUPPRESSION 


Alan  H.  Paxton 
Mission  Research  Corporation 
1720  Randolph  Road,  SE 
Albuquerque,  NM  87106 

Mark  J.  Schmitt 

Los  Alamos  National  Laboratory  E531 
Los  Alamos,  NM  87545 


ABSTRACT 


We  propose  the  stable-unstable  ring  resonator  for  use  with  free-electron  lasers.  The  optical  output 
beam  has  a  rectangular  cross  section  without  a  central  obscuration.  A  stepped  phase  grating  that 
disappears  at  the  central  frequency  is  included  for  sideband  suppression.  Properties  derived  using 
theory  and  numerical  simlulation  are  presented. 

STABLE  -  UNSTABLE  RESONATOR  (l ,2]  STABLE  -  UNSTABLE  RING  RESONATOR.  STABLE  DIMENSION 


OPTICAL  BEAM  IS  RECTANGULAR  IN  CROSS  SECTION 

MIRRORS  M,  AND  M3  ARE  CURVED  IN  THIS  DIMENSION  WHILE 
Mj  AND  G  ARE  FLAT 

CALCULATED  RESULTS  BELOW  CORRESPOND  TO:  F,  =  Fj  =  3554  cm 
IN  THIS  DIMENSION:  L,  =  L,.  +  L,i,  +  L„  =  7100  cm;  L,  =  1500  cm; 
BEAM  IS  ESSENTIALLY  COLLIMATED  IN  REGION  WITH  LENGTH  L, 
AND  HAS  GAUSSIAN  BEAM  WIDTH  w  =  1.33  cm;  A  =  593  nm  WAS  USED 
IN  SIMULATION  2 


WHAT  ABOUT  SIDEBAND  SUPPRESSION? 

(THE  GRATING  RHOMB  OF  THE  BOEING  BURST  MODE  RESONATOR 
PERFORMS  THE  DUAL  FUNCTIONS  OF  OUTCOUPLING  AND 
SIDEBAND  SUPPRESSION  [3,4, 5, 6]) 


RAYS  WALK  OUT  OF  RESONATOR  IN  ONE  TRANVERSE  DI.MENSION 
OUTPUT  BEAM  IS  A  FILLED  -  IN  RECTANGLE 

RESONATOR  OPTIC  AXIS  IS  WELL  WITHIN  GEOMETRIC  MODE 

RESONATOR  IS  STABLE  AND  HAS  GAUSSIAN  MODES  IN  ONE 
TRANVERSE  DIMENSION 

APERTURE  LOSSES  ARE  MINIMIZED  BY  ORIENTING  THE 
STABLE  DIRECTION  ACCROSS  THE  WIGGLER  GAP 

THE  BEAM  TUBE  IS  ELLIPTICAL  TO  AVOID  EXCESSIVE 
CLIPPING  OF  THE  OPTICAL  -  BEAM  SIDELOBES  AT  THE 
FOCUS  IN  THE  UNSTABLE  DIRECTION 

SUMMARY  OF  PROPERTIES 


PARTIALLY  TRANSMITTING  MIRROR  OR  GRATING  OUTCOUPLER 
UNNECESSARY 

APERTURE  LOSS  IN  WIGGLER  NO  WORSE  THAN  VALUE  FOR 
STABLE  RESONATOR 

stable  -  UNSTABLE  RING  RESONATOR  UNSTABLE  DIMENSION 


THE  FOCAL  LENGTHS  OF  MIRRORS  .M,  AM)  M,  ARE  DIFFRE.NT  FROM 
VALUES  IN  STABLE  DIMENSION;  THIS  COULD  HE  DONE  BY 
SELECTING  THE  ANGLE  OF  INCIDENCE  TO  INDUCE  THE  REQUIRED 
ASTIGMATISM 

CALCULATED  RESULTS  BELOW  CORRESPOND  TO:  L,.  ^  7.50  cm;  L.h  _ 
750  cm,  AND  THE  BEAM  WIDTH  JUST  AFTER  THE  SCRAPER  IS  h  =;  :  19 
cm;  F,  =  F,  =  3446  8  cm  IN  THIS  DIMENSION;  RESON.ATOR 
MAGNIFICATION  IS  .M  =  I  .36  3 


IN  OUR  STABLE  -  UNSTABLE  RESONATOR,  RATHER  THAN  A  GRATING 
RHOMB,  A  SINGLE  GRATING  THAT  DISAPPEARS  AT  THE 
FUNDAMENTAL  FREQUENCY  BUT  CAUSES  PHASE  STEPS  AT  THE 
SIDEBAND  FREQUENCY  IS  PLACED  IN  THE  EXPANDED  PORTION  OF 
THE  OPTICAL  BEAM 

FOCUSING  THE  BEAM  AND  PASSING  IT  THROUGH  THE  BEAM  TUBE 
ACTS  AS  A  LOW-  PASS  SPATIAL  -  FREQUENCY  FILTER;  THE  PHASE 
STEPS  AT  THE  SIDEBAND  FREQUENCY  INCREASE  THE  LOSS  OF 
SIDEBAND  RADIATION  -1 
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STEPPED  GRATING 


DERP/ATION  OF  FRACTIONAL  LOSS  OF  SIDEBAND  RADIATION  AT  BEAM  TUBE 


THE  STEPS  ARE  RAISED  A  DISTANCE  ABOVE  THE  SPHERICAL 
REFERENCE  SURFACE 


THE  STEP  HEIGHT  IS  SELECTED  TO  SHIFT  THE  PHASE  FRONTS  OF 
LIGHT  AT  THE  CENTER  FREQUENCY  BY  AN  INTEGRAL  NUMBER  OF 
WAVELENGTHS  AND  TO  CAUSE  SIGNIFICANT  PHASE  SHIFTS  AT  THE 
SIDEBAND  FREQUENCY 


ASSUME  PHASE  FRONTS  WITH  PERIODIC  STEPS  OF  HEIGHT  oA,  WHERE  A,  IS  THE 
SIDEBAND  WAVELENGTH 

COMPLEX  AMPLITUDE  IS 

F  =  u(x,y)l«oi^  +  ^  «***'"'"*  (l) 


ONLY  A  FEW  PERIODS  WILL  BE  REQUIRED  ACROSS  THE  BEAM 
WIDTH 


CALCULATED  RESULTS  BELOW  CORRESPOND  TO  A  STEPPED 
GRATING  WITH  A  FLAT  REFERENCE  SURFACE  AT  ELEMENT  C  IN 
THE  DR  \WINGS  ON  PAGES  3  AND  4  A  GRATING  PERIOD  OF  p  =  0  30  w 
WAS  USED  WITH  STEPS  ONLY  ALONG  THE  STABLE  DIMENSION  THE 
HALF  •  WIDTH  OF  THE  BEAM  TUBE  THROUGH  THE  WIGGLER  WAS 
•  =  J.Swo  IN  THE  STABLE  DIRECTION.  WHERE  wo  IS  THE  BEAM  WAIST 
INSIDE  THE  WIGGLER 
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WHERE  THE  BEAM  IS  CONVERGING  WITH  RADIUS  R. 

^  =  iro.  k.  ^  K  =  Jli  FOR  m  ODD.  ^  0  FOR  m  EVEN 

COMPONENT  AT  SPATIAL  FREQUENCY  mk.  IS 

THE  FIRST  TERM  IN  I  IIK  HUACKKTS  GIVES  THE  WAVE. 


(2) 


(3) 


WHERE  xo  =  mk.R/k.  THIS  IS  A  TILTED  SPHERICAL  WAVE  WITH  ITS  FOCUS  OFFSET 
BY  *0  FROM  THE  FOCUS  OF  THE  ZERO-FREQUENCY  COMPONENT 


srn’  Hf  U,HT  (HMM 


FOR  ALMOST  ALL  TIIK  NONZKRO  COMI’ONKN'I  S  TO  KALI.  OL I  SIDK  TIIK 
BKAM  TI  BK  AT  TIIK  FOCI’S. 


If)  >  a  -¥  U'o 


(■•) 


WHICH  CIVKS 


P  < 


nw 
1  +  “ 


IK  THIS  IS  SATISKIKl).  WK  CAN  ASSl'MK  AN  I  NAMKHHATi:!)  IIKAM 
INCIDKNT  ON  TIIK  STKIM’Kl)  CRATINC,  AND  ONI.Y  TIIK  /.KUO  ■ 
SI’ATIAI.  •  KKKQKKNCY  COMI’ONKNT  OK  TIIK  SIDKHAND  UADIATION 
MAKKS  rr  TllltOI  OH  TIIK  HKAM  Tl'HK 

Tin:  KHACI'ION  OK  TIIK  SIDKHANI)  I'OWKK  KKI)  HACK  AKTKU  ONK 
ItOI  ND  TUM’  I  IMIorOH  TIIK  UKSON.AI'Oli  IS 


I  II  \<  riON  OK  I’OW  i;i!  AT  SIDKHANI)  KIIKylKNCA  Til  AT  IS  KKI)  HACK 
roiNT-i  SHOW  (■M.cn.M'KD  HMIK  CAVITY  UKSI  MS  I  SINO 
1  )  1  I  \  ;  l.y  DKIIIVKJ)  KIIOM  SIMI'I.K  rllKOlO  IS  I'l.OTTKD  AS  (  l  ltVK 
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(*1 

WIIKIIi:  .)  Is  I  IIK.  KUACI  lONAI,  KKK.DHACK  HOWKII  IK  TIIK.  OliATINl, 
VVKItK  HKHI.AI  KD  H)  A  KIM'  MIIIHOU 
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Frequency-Tunable,  High  Power  Microwave  Emission  from  Cyclotron 
Autoresonance  Maser  Oscillators  Driven  by  MicrosecorKf,  Intense  Electron 

Beams* 

R.  M.  Gilgenbach,  J.  G.  Wang.  J.  Choi,  C.  A.  Outten,  and  T.  Spencer, 
Intense  Energy  Beam  Interaction  Laboratory, 

Nuclear  Engineering  Department 
University  of  Michigan,  Ann  Arbor,  Ml  48109-2104 


Experiments  have  been  performed  in  which 
frequency-tunable  (6.6-20  GHz),  high  power 
(1-25  MW)  microwave  radiation  has  been 
generated  by  2  cyclotron  maser  oscillators  with 
microwave  pulselengths  from  0.1  |is  to  0.8  ps. 
MELBA  Maser  experiments  operated  in  a  unique, 
long-pulse  e-beam  parameter  range:  voltage- 
0.6-0.8  MV,  current=1-15  kA,  and 
pulselength-1-2  ps.  Mode  competition  has  been 
observed. 

*  Supported  by  AFOSR,  AFWL,  and  NSF 


*  Cyclotron  Autoresonance 

Maser  Oscillator 

-  Febetron  generator  with  peak 
parameters:V=400  kV,  1=1  kA,  T=0.4  ns 

-  500-1000  Amps;  TEi  ^  p  modes 

-  frequency  is  magnetically  tunable: 

*  K-band:  13.5-16.0  GHz  @3-10  MW 
in  CARM  regime 

*  X-band:  10-12  GHz:~MW  due  to 
competing  gyrotron  modes 


»  y  '  ■  1  »  r  »  I  ■  I  »  f 

2.5  y9  i.s  4.9  4.5  S.9 


■o(kG) 

K-band  microwave  output  power  as  a 
function  of  cavity  magnetic  field.  Peak  power 
corresponds  to  ^ut  10  MW. 


MagMtk  FWd  (kC) 

Experimental  Data: 

a)  Beam  Voltage 
(160kV/div) 

b)  Cathode  current 
(0.6  kA/div) 

c)  Microwave  signal  from 
10.0  GHz  niter 


d)  K-band  microwave 
signal  (f>14.3  GHz) 


e)  Microwave  signal  from 
15.0  GHz  filter 


a)-e)at4.34kC 


f)  K-band  microwave 
signal  at  4. 52  kG 


Uncoupled  dispersion  relations  of  electron 
cyclotron  wave  and  cavity-waveguide  modes 
for  experiment;  parameters  are;  Bo>4.34  kG, 

Vb=370  kV,  and  a=  0.72. 


Relative  Powef<mV) 


*  MELBA  MicroMCond  Maser 
experiments  underway  with  initiai 
parameters: 

-  e  beam  :  V-0.6-0.8  MV.  U1-15  kA 
puiselength-  1  2us 

-  frequency  in  X-K-bands  (6.6-30  GHz) 

•  peak  power  level  of  25  MW  achieved; 
goal  of  100  MW 


Jhm  Unliwrritv  of  MIehfaMti 
MELBA  ytefo— cond  Ita— r 

Calheda  kmanlon 
FMd  Cota 
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UCI  BA  Mfamatwa 
VoRaga  ;  O.e-1.0  MV 
Currant  :  MS  kA 
f^laatanoth  :  1  -  2  mlcroaac 


200  ns/div 
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Beam  Voltage 
(310kV/div) 

X-band  Microwave  Power 
(Peak  of  -  25  MW) 
(6.6GIIz<f<  14.1  GHz) 


Cavity  Input  CUnent 
(1.2kA/div) 


200  ns/div 
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Beam  Voltage 
(310kV/div) 


X-b?nd  Microwave  Power 
(Peak  of  >5  MW) 

(6.6  GHz  <f  <14.1  GHz) 


K-band  Microwave  Power 
(f>  14.1  GHz) 


Peak  X-band  Mkrowavc  Power 


Total  X-band  Microwave  Pulselength 


Peak  K-band  Microwave  Power 


Total  K-band  Microwave  Puiselength 
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PI.17 


Spike  Radiation  From  The  Columbia  FEL 
J.  W.  Dodd  and  T.  C.  Marshall 
Columbia  University,  Department  of  Applied  Physics 
New  York,  New  York  10027 


We  have  observed  isolated  high  intensity  short  duration  “spike”  pulses  of  radiation  from  our  2mm 
wavelength  Raman  FEL  oscilllator.  TTie  spiking  is  related  to  the  emission  of  strong  sidebands,  and  has 
been  simulated  with  our  2D  waveguide  FEL  co&.  We  describe  a  “Young’s”  experiment  from  which  we 
determine  the  spike  pulse  duration  is  ~150  psec.  Research  supported  by  the  ONR. 


TABLE  I 

UnduUtor  Period  (helical] 

Undulator  Length 
Electron  Beam  Energy 
Electron  Beam  Current  Density 
Electron  Beam  Diameter 
Electron  Beam  Pulse  Length 
Waveguide  Diameter 
Wiggler  Strength 
FEL  Wavelength 

Synchrotron  Period  (typical  operation) 

Power  Output 

Configuration 


1 .7cm 
70cm 
SOOkV 
-21cA/cm2 
4mm 
1 SOnsec 
18mm 
0. 2-0.4 
2  mm 
-20cm 
Several  MW 
Oscillator 


H  .  ,  II 

spikes 


Fig.  1  FLL  power,  showing 
three  spikes. 
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aig.  2  Experimental  sideband 
spectnm. 
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AMPtlTUDE,  ARBITAAflV  UNITS 


Fig.  3  Computed  spectrum.  Fig.  4  Computed  spike. 


Fig.  5  Young's  experiment  schematic. 


U3C1TION  Of  if  IN  OtSNCES 


Fig.  6  Young's  experiment  data; 
circles,  spike  signal; 
diamonds,  average  power  signal. 
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mTOtPRETATION  OF  FEL  GAIN  ANO  MAGNEVC  FIELD  EFRONS  ON  THE  SCA/FEL 


R.  Rohatgi  and  J.C.  Frisch. 

High  Energy  Physics  Laboratory 
Stanford  University,  Stanford,  California  94305-4085 


Abstract 

Measurements  confirm  that,  with  external 
steering, wiggler  errors  (1.2%  rms  over  120 
periods)  do  not  appreciably  broaden  the 
spontaneous  spectrum.  Calculations  indi¬ 
cate  that  larger  errors  could  be  tolerated 
if  they  did  not  cause  steering  errors. 
Efforts  are  made  to  reconcile  the  observed 
FEL  gain  with  optical  and  electron 
measurements . 
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PI.1 9  COMPUTER  SIMULATIONS  OF  A  100  GHz  CARM  OSCILLATOR  WITH 

BRAGG  REFLECTORS 

T.H.  Kho  and  A.T.  Lin 
UCLA,  Dept,  of  Physics 
Los  Angeles,  CA  90024 


A  self-consistent,  time-dependent,  3-D  particle  code  has  been  developed  to 
study  the  Cyclotron  Autoresonance  Maser  (CARM)  interaction  in  a  Bragg 
resonator.  The  code  has  been  applied  to  model  a  CARM  oscillator  experiment 
at  the  NRL.^  Tentative  simulation  results  indicate  low  efficiency  for  the 
parameters  in  the  experimental  regime,  in  contrast  to  theoretical  predictions. 


100  CIU  CARM  OSCILLATOR  IJCI'CAlHt^n'  RARAML'TLftS 


B«*a  voltage 
ftcaa  current 
Axial  velocity  spread 
Magnetic  Field 
Operating  aode 

O  •  V  /  V| 


Resonator  para*cters : 

Kean  well  diameter 
Upstreaa  Reflector 
Length 

Ripple  depth 
Ripple  period 
Reflectivity 

Oownstreaa  Reflector 

Length 

Ripple  depth 
Ripple  period 
Reflectivity 

Center  Section  Length 

Expected  performance; 

Efficiency 

Pover 


600  kV 
200  A 

Av,/v,  <  It 
■  *  2b  kC 


sample  otnrirrs:  400  a  oscillator 


Electric  field  profile 


I  ce 
0  2b 
I  68 
99% 


l  .b  ce 
0.31  mm 
1  68  « 
90% 


20% 

26  MU 


CroeS'Sectlon  view 
of  aleccroD  bcae 


sample  OOTPVrS:  600  A  OSCILLATOR 


Schematic  of  Bragg  resonator 


OOKPUTOl  MODEL 

•  Finite-length,  nonuniform.  3-D  cylindrical  cavity. 

•  Conaldera  TE^^  waveguide  mode  only. 

•  Includes  self-conaletent  ties  and  space  dependence. 

•  Ho  space  charge  effects. 

•  Mo  vail  dissipation. 

•  Injects  seed  wave  to  initiate  CARM  Interaction. 

•  Cold  electron  beam  assumed  unless  otherwise  stated. 


average  output 
beam  energy 


D(  energy  in 
cavity  U(t) 


U 
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EFFICIENCY  VIT1I  BEAN  CURRENT 


GROUTN  RATE  V1T1I  BEAN  CURRENT 


Y(*) 


1 

10  ' 

- 1 - 

10"’ 
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• 

lo"* 

”  •  “ 

_ 1 _ 

10- 

_ 1 _ 

1.0 

currenc  (kA) 


1.0 

curr«nc  (kA) 


EFFICIENCY  VXTM  CAVITY  UNCTII 


CROVnt  RATE  V1TH  CAVITY  LOICni 


JlooA 


«<«) 


<w./-  ) 


cavlcy  l«n£th  (ca) 


cavity  lancUi  (<:■) 


CfTlCIENCr  VITH  KAOTETtC  FIEU)  TAfeRtNC  AKD  AXIAL  VOOCITt  SntXAll 


a<») 


/AA 


^*€ncry  *«»lt^^«acc7 


•  At  /v  —  0,0 
T  At  /t  -  O.Ol 
«  At  /t  -  O.OI 


SUHNARY 

Fro*  Cli«s«  canc«clv«  r«sulca»  Ic  appaara  that: 

*  afflclancy  la  lov  for  tha  aaparlaental 
paraaaCara. 

•  Hasnatlc  flald  taparln^  oCfara  tha  aeat  lavaraga 
In  anhancins  tha  affielaacx. 

«  Axial  Taloelcy  apraad  la  not  an  la^rcant 
iLntCaClon  hara. 


Rafaranca 


SPECULATION  ON  UW  EmCICNCY  OBSfJlVED  IN  SIMULATIONS 


1.  R.B.  KcCoran.  A.V.  niflac.  S.M.  Cold.  V.C.  Cranacataln. 
and  M.C.  Vonc.  Inc.  J.  ElaccrofUca  A63  (19S8). 


Tha  loT  afflctaney  c»boarvad  in  thaaa  tancatlva  raaulta 
appaara  Co  ba  at  odda  vlth  tha  thaoratlcal  pradleClon 
for  tha  CARM  oaclllator.' 

Ona  axptanacion  could  ba  that  raflactod  wavaa  In  tha 
raaonator  algnif icantly  aodlfy  tha  CARM  Intaractlon. 


Ackiwwl  ad^aaa  nCa 

Thla  worb  ta  aupportad  by  tha  AFSOR  IB-0027,  tha  HSF. 
and  cho  SDSC. 
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PI.20 


PROGRESS  REPORT  ON  BEUING  PEL  PROJECT 
J.  Xie.  J.  Zhuang,  Y.  Wang,  S.  Zhong,  R.  YIng,  C.  Mao. 

Institute  of  High  Energy  Physics,  Academia  Sinica 
P.O.  Box  918,  Beijing,  China 

Abstract 

The  progress  of  Beijing  IR-FEL  project  carried  out  at  IHEP  will  be  reported. 
It  includes  some  specific  developments  of  software  and  hardware  rather  than  stri¬ 
ving  for  general  coverage.  First,  computational  studies  of  emittance  and  pulse- 
length  effects  to  the  small  signal  gain  are  presented.  Then  some  experimental 
results  of  the  microwave  electron  gun  injector  is  given.  Modifications  of  the 
beam  transport  system  and  the  optimization  and  measurements  of  the  NdFeB  undula- 
tor  are  described.  Finally,  some  aspects  of  the  beam  diagnostics  and  the  spon¬ 
taneous  emission  experiment  are  discussed. 


»  '•  /•  i* 
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r>f 


tHI4  dHU. ‘*  * 


ri9.  11  .  SpoatMMUt  ealialoo  of  the  wtliitcd  undulitor. 
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PI.21  the  variable  dispersion  electron  specrometer  at  the  sca/fel 

R.  L.  Swent,  J.  C.  Frisch  and  T.  I.  Smith 
High  Energy  Physics  Laboratory 
Stanford  University 
Stanford,  California  94305-4085 

An  electron  spectrometer  with  dispersion 
variable  between  zero  and  0.08%/mm  has 
been  Installed  on  the  SCA/FEL.  At  zero 
dispersion  the  energy  acceptance  is  sev¬ 
eral  percent.  Spectral  data  can  be 
acquired  at  a  30  kHz  rate.  Energy  extrac¬ 
tion  by  the  FEL  has  been  measured  at  0.4%. 


VARIABLE  DISPERSION  GIVES  FLEXIBLITY 


ni.CPEBSION 

APPLICATION 

High 

Analyze  SCA  Beam  with  FEL  off 
(AE/E  <  0.1%) 

Medium 

Analyze  spent  beam  from  FEL 
(AE/E  =  2%  -  6%) 

Low 

Beam  "dump",  independent  of 
changes  in  SCA  or  FEL 

DESIGN  PRINCIPLES 

90“  bending  magnet  provides  energy  discrimination 
Quadrupole  pair  before  bend  controls  resolving  power 
Quadrupole  pair  after  bend  controls  dispersion 
Apertures  at  bending  magnet  exit  determine  acceptance 


*  Supported  by  ONR  Contract  N00014-86-K-01 18.  Physical  Layout  of  the  System  Components. 
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Beam  Spot  Image  Intensity 


DETECTORS 


Phosphor  Screen  and  CCD  Camera 

high  resolution  in  energy 

low  resolution  in  time  (at  present) 

Ce:YAG  phosphor  has  100  nsec  relaxation  time,  so  a 
gated  intensiHer  could  give  time  resolution  comparable  to 
a  micropulse  (but  only  one  sample  per  macropulse) 

Wire  Array 

iiKxlerate  resolution  in  energy  ( 1 6  wires) 
moderate  time  resolution  (30  ^lsec) 
many  samples  per  macropulse 

EXPERIMENTAL  CONDITIONS 

•  Electron  beam  energy  =  67  MeV 

•  Electron  beam  current  =  2IO|iA 

•  Optical  wavelength  =  1 .54  pm 

•  Optical  power  =  30  W  (macropulse  average) 

•  Macropulse  length  =  3  msec 


Arrangement  of  the  Phosphor  Screen  and  the  Be  Wire 
Array  for  Detecting  Electrons. 


Two  Laser-Off  Electron  Spectra.  Bending  Magnet 
Current  Differs  by  0.1%  ^tween  the  two. 


Laser-Off  and  Laser-On  Electron  Spectra. 
The  Laser-Off  Spectrum  has  been  reduced 
by  a  factor  of  2. 
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Electron  Spectra  From  Wire  Array, 
Taken  as  the  Laser  Turns  On. 


PI.22 

COMPARATIVE  ANALYSIS  OF  OPTICAL  TRANSITION  RADIATION  BASED  ELECTRON 
BEAM  EMITTANCE  MEASUREMENTS  FOR  THE  LOS  ALAMOS  FREE-ELECTRON  LASER 

D.  W.  Rule  and  R.  B.  Fiorito 
Naval  Surface  Warfare  Center 
Silver  Spring,  Maryland,  USA  20903-5000 

A.  H.  Lumpkin,  R.  B.  Feldman  and  B.  E.  Carlsten 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 


We  compare  two  methods  to  analyze  OTR  interference  patterns  in  order  to 
determine  the  electron  beam  emittance  from  the  observed  interference  fringe 
visibility.  The  first  method  uses  a  simple  analytical  model  assuming  a 
Gaussian  beam  divergence.  The  second  method  is  a  numerical  convolution  of  the 
beam  phase  space  distribution  with  the  OTR  interference  pattern. 


Interferometer  and  OTR  Amplitudes 


Interferometer  Intensity  Distribution 
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do>dn  45?c 
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,0„= -jL  = -!i(l-pcose) 


Where,  according  to  Wartski , 
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g  P»»»  ,  rn,pxn 
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T,  R  are  transmission  and  reflection  coefficients  across  a  foil 
t  ,r'are  transmission  and  reflection  coef.  for  inside  the  foil 


Specializing  to  E  in  Plane  of  Observation 

2  *  ^11  and  P~*P||  component  in  plane  of  observation 
Neglecting  reflected  clear  foil  amplitudes  : 

T, 


Average  Interferometer  Expression  Over 
Bandwidth  of  Filter 
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Assume  Lorentzian  Bandwidth 


5  =  6  r  -5i 
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(k-k,)^  (^) 


=  phase  of  light  from  interface  1  cjrt  e'  fields  at 
interface  2.  Note  and  023«  k 


JX  ^  e’ 
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rm„(A„  +B„)e‘®23-C„ 


Average  this  over 
filter  s  band  width 


Define  Average  Phase 


<  e"°>  = 


i; 


Ffkle*'*''’  dk= 


-i0(ko) 


Where  0  =  (Bu.ejj.Bu+Bj,) 
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Relative  intens  ty  Seam  Ojrent.  Arbitrary  Lnits 


dM 

dwdn 


Convolution  of  OTR  Interferometer 
with  Beam  Phase  Space  Distribution 

—  S  I  f  (Ox.ay.Yi)  daxdOy 

dn  J  dudn 


Moments  of  Distributions  at  Beam  Waist 


(Tx  -  ,  Oy  -  <9^ 

<:y> ,  <>e>  ,  <y‘> 


Where  f  is  a  Parmela  fp  or  Gaussian  fg  Distribution 


JJfp(x,ax,y  ay.Yz)dxdy 


f(Oix,ay,Y,)  =■ 


fg(0ix,0t>)= 


V2no5 


Local  RMS  Emittance 


,  eyKy'><9^ 


Beam  Angular  Distribution  in  X-Z  Plane 


Comparison  of  Interference  Patterns 


Standard  Deviation  of  Gaussian  =  3  mrad  Beam  Dist.  from  PARMELA  vs  Gaussian 


Gaussian 


PARK/ELA 

simulation 


“  "  •  Gaussian 
3.0  mrad 


•  0.60 


Q  OQ  ^ - * - 1 - A - L - 1 - . 

-0.60  -0.30  -0,10  0.10  0.30  0.60 

(E-1) 

Angle  in  f^adians 
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Design  of  a  High  Field  Taperable  Helical  Wiggler 
J.  Vetrovec 


TRW  Inc.,  1  Space  Park,  Redondo  Beach,  CA  90278 
(Now  at  Rockwell  Intemadonai,  Rocketdyne  Division,  6633  Canoga  Avenue,  Canoga 

Park,  CA  91303,  (818)  700-4875) 

The  paper  discusses  theoretical  as  well  as  practical  a^)ects  of  an  electromagnetic  helical 
wiggler  where  the  field  strength  and  the  taper  are  completely  adjustable.  Unique  coil  and 
core  geometry  together  with  a  careful  choice  of  materials  make  it  possible  to  produce  fields 
over  5  kG  in  a  bore  diameter  of  2.5  cm. 


REFERENCE  DESIGN  PARAMETERS 


Parameter 

Value 

Wiggler  wavelength 

8  cm 

Bore  radius 

1.25  cm 

Nominal  field 

5kG 

Ampere  turns  (@  nominal  field) 

10000 

Dipole  thickness 

1  cm  ( A«,/8) 

Material 

Oriented  silicon  steel 

Ampere-turn  loss  in  material 

1% 

2 

POLEFACE  SURFACE 

•  Double  threaded  screw 

•  Surface  shape  detines  Wiggler  Pieid 


DEFINmON  OF  A  HELICAL  DIPOLE 

•  Helical  poieiaces 

•  Core  Ihichness  -  /n  (n  •  1 . 2.  3 . ) 

•  Mam  excitation  from  Ouad-tilar  coil 

•  Field  Trimming  by  auxiliary  winding 

•  FKjx  returns  are  flattened  to  provide  space  tor  Aux.  Windir>g 
and  vacuum  tube  access 

0UA0-F'l>B  COIL 

I  '\ 


AUXILIARY 

W1NOINO  ITWQPLACCSI 


6B 


WIGGLER  ASSEMBLY 
Glack  ol  Halcil  Dipeta*  rotalad  itaul  z-wi* 
PoMac*  lurlacas  m  cominaut 


WIGGLER  FIELD  DISTRIBUTION 


HfUCALOMUt 


HARMONICS-FREE  POLEFACE 


•  Scalar  potential  uaad  in  calcutalions 

•  Mllal  poletace  aaaumetl  circular  to  simplily  boundary  conditions 

•  Solution  can  be  ganaralizad 


« ip.  #.  r) 


MJ  y  ,  /a.>.i(Un'>IU.p)  sin  (2 ■♦IXL.z ♦  »; 

..0  /a..!  ((2"+l)*«r  )  (2n+l)* 


WIGGLER  RESPONSE  TO  EXCITATION 


^•arciui 


'■(M 

/IIL.P) 


5  ko  Wigglet  Field  0  1%  |  H.dl  loss 
Saluialion  hrst  occult  In  tba  root  oi  the  polapioca 


•  Permanent  magnau  can  drive  die  malsnal  out  ol  saUrralion 
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OPTICAL  KLYSTRON  CONFIGURATION  FOR  A 
HIGH  GAIN  X-RAY  FREE-ELECTRON  LASER 


Juan  C.  Gallardo  and  Claudio  Pellegrini 

Ilrookhaven  National  Laboratory 
Upton,  New  York  11973 


ABSTRACT 

We  prejent  theory  and  numerical  simulations  of  the  performance  of  an  x-ray  FEL  in  the 
amplified  spontaneous  emission  mode  with  an  optical  klystron  undulator  configuration.  This 
device  can  produce  picosecond  pulses  of  high  brightness  with  a  significantly  shorter  undulator 
than  a  conventional  FEL. 


1.  INTRODUCTION 

The  amplified  spontaneous  emission  (ASE)  regime  of  an 
FEL  can  be  used  to  produce  coherent  soft  x-ray  radiation  in 
a  long  undulator  (5  <  L  <  lOm)'"*.  In  such  a  regime,  the 
initial  incoherent  radiation,  with  an  optical  power  proportional 
to  the  number  of  electrons,  is  amplified  by  the  electron  beam 
itself  as  it  traverses  the  interaction  region.  This  collective 
phenomena  leads  to  exponential  growth  until  the  system 
reaches  saturation*'*.  To  a..hieve  this  situation  the  undulator 
has  to  be  made  sufficiently  long  and  the  accelerator  has  to 
provide  a  high  brightness  electron  beam,  well  above  the  values 
required  for  an  oscillator  eiperimenl.  However,  the  ASE  has 
a  number  of  advantages  in  comparison  with  an  oscillator: 

•  good  reflectivity  soft  x-ray  mirrors  are  not  needed; 

•  needs  a  single  pulse  traversing  the  undulator  reducing 
the  beam  loading  problem’  in  the  electron  beam  accelerator. 

In  this  work  we  discuss  one  possible  alternative  undulator 
configuration  that  will  reduce  its  length  keeping  the  total 
power  output  of  the  laser  appruxiniately  constant.  An  optical 
klystron’  *  consists  of  two  undulatois  separated  by  a  short 
dispersive  magnet.  This  magnet  configuration  translates 
the  energy  spread  created  in  the  first  undulator  section 
{modulator)  into  significant  ■  hanges  in  the  electron  phase 
til  -  (fc  I  ko)z  ajt  when  the  electron  pulse  arrives  at  the 
second  undulator  srition  (radiator)  If  these  changes  are 
arranged  in  a  suitable  manner  we  can  achieve  significant 
biiinhing  and,  eonsequently ,  a  larger  optical  gain 

V\e  first  use  a  simple  J.O  lineariied  theory  to  obtain  an 
approximate  estimate  of  th'  FLL  field  enhancement  produced 
by  the  ciptic  al  klvstrcin  magnet  configuration;  then,  we  nurner 
ic  allv  s'dve  the  ' 'implete  non  linear  sei  -if  l  l)  FIcL  equaticjns 
iiiiludnig  Imlh  energy  spread  .and  eniiiiance 

Our  rrsults  show  that  an  optical  klystron  is  a 
very  attractive  alternative  to  achieve  saturation  in  axi 


ASE  FEL  with  less  than  half  the  undulator  length  of 
a  conventional  PEL  and  producing  the  same  output 
power. 

2.  1-D  LINEARIZED  MODEL 

The  spontaneous  emission  of  the  electron  beam  in  com¬ 
bination  with  the  undulator  magnetic  field,  ads  back  over 
the  electroru  to  introduce  an  energy  mod  i -ition  in  the  beam. 
This  energy  modulation  is  transformei'.  u:  ..  bunching  of  the 
electrons  as  they  go  through  the  dispersive  section.  The  op¬ 
timal  position  of  the  dispersive  magnet  occurs  at  the  point 
where  the  laser  power  starts  to  grow  exponentially  which  cor¬ 
respond  to  a  gain  length  Lc,  defined  as  the  distance  for 
e-folding  of  the  laser  power.  This  forced  bunching  results  in 
a  discontinuous  jump  of  the  gain  as  the  elections  enter  the 
radiator  undulator. 

The  FEL  dynarrucs  are  then  described  by  defining  thre 
collective  variables*  for  the  laser  field  A',  the  bunching  function 
and  the  energy  spread  Z 

A'  =  a 

V  .  (e  -‘'^*(1) 

z 

where  V>o  •>  the  initial  electron  phase,  S  =  i/i  it'otlo  is  the  ini 
tial  electron  energy  and  rj  v:  ^  ^  ^  ^  ^  * 

is  the  FEL  parameter  with  Aq  the  wiggler  period,  K  the  un 
dulalor  parameter;  r*  is  the  classical  electron  radius  and  A,, 
is  the  particle  density  of  the  electron  beam  In  the  limit  of 
small  />  the  IFL  equations  of  motion*  with  initial  conditions 
A  (n)  Z  (01  0  and  r  (0)  >0  are. 

.V  lA.V  i}' 
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y  =  z 
z  =  -X 

here  i  is  the  detuning  parnmeter  6  =  7r  = 

jjf  (l  +  K*)  »nd  A'  =  ^  with  t  =  iwpN,  N  being  the 
numbci  of  undulatoi  periods. 

The  solutions  in  the  high-gnin  self-spontaneous  emission 
are 

r  =  iToe*»“’^ 

A=-pIT 

2  =  ip,r 

where  pi  =  and  pj  is  the  eoniplcx  coigu^ate. 

The  dispersive  section  can  be  taken  as  an  instantaneous 
interaction  at  rp  with  the  following  constraints  on  the  dy¬ 
namical  variables  (A<  and  A'>  denotes  the  values  right  before 
and  after  the  dispersion  interaction,  respectively), 

A>  =  A< 

K>  =  K<  -  VZ< 

Z>=:Z< 

where  V  =  pkD  with 

Example  of  a  dispersive  section  is 

Bo  0  <  X  <  t 

B|,(*)=  -Bo 

Bo  -^  <  *  <  s. 

This  configuration  gives  B  =  ^  (»»?^)  **  »•*“<>«»  the 

condition  that  the  first  and  second  integral  over  s  of  the 
magnetic  field  must  vanish  so  as  to  have  no  transverse  and 
angular  beam  displacements.  The  V  pariuneter  turns  to  be 
s:  2500  for  a  1  GeV  electron  beam,  p  =  l.Jx  10”*,  A  =  2.5 nm 
,  Bo  =  1 T  and  s  =  1  m.  AAer  the  dispersion  section,  the 
dynamical  variables  will  evolve  as  in  the  first  section  but  now 
with  the  initial  conditions 

y>  (’’d)  =  T<  (t£>)(1  -  ipiTJ) 

A>  (rp)  =  A'<  (rp) 

Z>  (td)  =  Z< (rp) 

therefore  we  can  write  the  laser  field  at, 

■V>(r)  =  -jp!T<(rD)(l  -  .p,©)e*'‘*<^-"«>> 


This  last  expression  shows  that  the  enhancement  factor  in¬ 
troduced  by  an  optical  klystron  is  given  by  the  factor  s:  jZ> 
which  for  the  parameters  considered  in  our  simulations  is  of 
the  order  of  10*.  To  obtain  an  equivalent  growth  in  the  held 
in  the  conventional  FEL  configuration,  the  length  of  the  un- 
dulator  can  be  estimated  from  e***'^*^  s:  10*  which  for  the 
value  of  p  used  corresponds  to  %  400  magnet  periods. 

We  have  used  a  1-D  simulation  code  to  solve  the  full 
set  of  FEL  equations  including  energy  spread  and  emittance 
and  to  calculate  the  output  laser  power  of  an  ASE-FEL.  To 
simulate  a  realistic  electron  beam  with  energy  spread  and 
emittance  we  use  a  uniform  distribution  in  and  a  product 
of  a  ganssian  distribution  in  energy  spread,  traiuverse  position 
and  iigection  angle.  As  illustrated  in  Fig.l,  the  saturation 
power  achieved  by  an  optical  klystron  is  larger  than  the  one 
obtained  with  a  standard  wiggler  and,  more  important,  we 
observe  significant  power  levels  at  less  than  half  the  undulator 
length.  Although  our  results  were  obtained  in  the  context  of 
a  1-0  theory,  for  the  set  of  parameters  used,  the  gain  length 
of  the  device  is  shorter  than  the  Rayleight  range  of  the  laser 
and,  consequently,  3-D  effects  will  not  significantly  modify 
our  conclusioiu’*. 
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POWER  (orb.  units) 


I'igure  It  Luer  puwer  va.  ijL  (rom  the  liinul&tiuns  for  both  htniidtirii 
undulalor  and  optical  klystron.  <je  =  0.0  (solid);  ag  ^  and 

0  3%  (cirrir) 


Table  1:  Klrctron  and  iiiidulatnr  parameters  used  in  tlte  simulatitiiis 


OPTICAL 

KLYSTRON 


^UNOULATOR 


Parameters 

wavelength  (nin) 

2.5 

energy  (GeV) 

1.02 

p  X  10^ 

1.2 

L  I'm) 

8.1 

unHuIator  period  (ern) 

1.0 

gain  length  ic  (mj 

0.75 

peak  current  (A) 

400 

normalized  einittance  (ram-nirad) 

1.0 

external  focusing  P*  (m) 

1.0 

z/  LENGTH  -  UNOULATOR 


PI  .26  ANALYTICAL  TREATMENT  OF  ELECTRON 
TRAJECTORY  STRAIGHTNER  ISSUES  IN 
FREE-ELECTRON  LASERS 


C.  J.  ELLIOTT,  Los  Alamos  Nat’l  Laboratory,  NM 

and 

D.  C.  Quimby,  Spectra  Technology,  Inc.,  Bellevue,  WA 


WE  HAD  A  PROBLEM 

ANALYSIS  SHOWED  THAT  THE  ALTERNATING 
SCHEME 

HAD  MUCH  TOO  HIGH  EFFECTIVE  ERRORS 


MAGNETIC  FIELD  GEOMETRY  OF  THE 
CORRECTING  COILS 
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PRELIMINARY  ALTERNATE  CORRECTION  SCHEME  THUNDER  CORRECTION  SCHEME 

BPM  D0  BPM  D0  BPM  BPM  BPM  BPM 
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NORMAL  DISTRIBUTION 


A  PROPOSED  PEL  INJECTOR  ATIAE 

X.  Zhai,  W.  Zhou.  Z.  Weng,  T.  Wu.  C.  Liu,  Y.  Lu.  X.  Shi,  T.  Yang. 

Institute  of  Atomic  Energy, P.O.Box  275(17) 
Beijing  102413, China 


Abstract 

For  the  purpose  of  scientific  research,  a  L-band  FEL  injector  at  Institute  of 
Atonic  Energy(IAE)  was  proposed  years  ago  and  approved  recently.  It  consists  of 
a  themionic  electron  gun, a  subharmonic  buncher( 108MHz) ,a  fundamental  buncher(13oo 
MHz),  one  accelerating  section  and  diagnostic  devices.  The  electron  energy  is  about 
20MeV,  micropulse  current  is  greater  than  50A,  macropulse  length  is  10-20ps.  Now 
this  project  is  in  progress. 


H I  E  E  B  E 


llllf 


SI  OSBHS  0  S  ESHIJK! 


fif.l  Uy-out  o<  the  Injector 
MlMtr..  »."•  PK-ffotlU  maailor 

SH^SuhhjrvmntC  buncher;  B-bui«c»*cri  «.l. 


Z/LAM 

Fig, 3  Phase  focusing  in  the  Buncher 


Fig. 2  Phase  focusing  in  the  SHB 


Fig. 4  Magnetic  field  distribution 


nxis 


•  I  191  I  tie  I 

Fig.  5  Electron  trajectories  In  the  electron  gun 


References 

1, J.Adaraski  et  al ,Nucl . Instrum.  &  Metho. 
In  Phys.  Res.  A  259(1987),  P.49-55 

2,  D.W. Feldman  et  al.  Proceedings  of  the 
Beijing  FEL  Seminar,  Beijing  University 
11-23  Aug.  1988  P.66 

3,  J.M. Watson,  Nucl.  Instrum.  &  Metho.  in 

Phys.  Res.  A  250(1986),  P.1-3 


77 


PI.32  fully  automatic  wiggler-feeld  test  and  correction 


R.  B.  Feldman  and  R.  W.  Warren 
Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 


The  pulsed-wire  field  measuring  technique  has  been  integrated  with  a  series  of 
field-correcting  dipole  coils  using  computer  control.  The  combined  system  performs  a 
rapid,  on-line,  measurement  of  field  errors  in  FEL  wiggler  magnets  and  their 
automatic  correction. 


AUTOMATIC  MEASUREMENT 
CORRECTION  SYSTEM 


I  INITIATE  I 

I  RAISE  BRIDGES  I 
-  - 

FIELD  MEASUREMENT 


COMPUTER  ANALYSIS  I 
I  ACTIVATE  POWER  SUPPLIES 


ICOCSON  I 


I  RECORD  KEEPING  I 

■Z  J  [ 

I  LOWER  BRIDGES  | 


Vertically-mounted  wiggler  with 
sensors,  wire,  bridges,  and  correcting 
coils. 


ON-UNE  USE 


Diagram  of  on-line  system  showing 
the  wiggler,  sensors,  wire,  and 


Expanded  view  of  field  integral 

where  most  of  the  high-frequency  .  r  .  i. 

wiggleis  have  been  suppressed  by  Integral  Oi  signal  shovying 

employing  a  1  X  pulse.  One  curve  has  displacement  for  corrected  wiggler. 

been  displaced  by  activating  a 
correcting  coil. 
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GAIN  /  SMALL  SIGNAL  GAIN 
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TIME  DEPENDENT  MEASUREMENTS  ON 
THE  STANFORD  SCA/FEL 

J.  C.  Frisch 

High  Energy  Physics  Laboratory,  Stanford  University,  Stanford,  CA  94305-4085 

and 

J.  E.  Edighoffer 

TRW,  One  Space  Park,  Redondo  Beach,  California  901'78  U.S.A. 

A  new  diagnostic  system  has  made  it  pos¬ 
sible  to  measure  the  time  development  of 
the  optical  electron  beam  spectra  within 
a  single  macropulse.  This  system  has 
allowed  the  measurement  of  several  PEL 
effects,  including  the  wavelength  shift 
during  laser  startup,  and  the  development 
of  sidebands  during  high  gain  operation. 
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OPTICAL  POWER  ANO  GAIN  DURING  STARTUP 
for  1.5  pm  Operalion 


ELECTRON  BEAM  SPECTRA  DURING  STARTUP 
Specvr.a  Shawn  Every  30  psec 


T  =  30  psec 


Electron  Energy  Shift  [%) 


CENTER  WAVELENGTH  SHIFT  DURING  STARTUP 


TIME  (Msec) 


Works  supported  by  ONR  Nn0014-86-K-01 18 . 


Time  (Msec) 


200 


Downward  [%] 


OtVtL-OPMENT  OF  SINGLE  SIDEBAND 
Pulses  Shown  Every  50  psec 


POSSIBLE  UMIT  CYCLE  BEHAVION 


AUTOCORRELATION  SIGNAL 
Optical  FWHU  >  3.31  psac 


Time  plotted  horizontally  0-3  msec. 
Wavelength  increasing  downward,  0. 1%/div. 


Time  dependent  spectrum 
of  an  unstable  macropulse. 


) 


81 


PI.34 


STABILITY  REQUIREMENTS  FOR 
RF  LINAC-DRIVEN  FREE-ELECTRON  LASERS* 


William  E.  Stein,  W.  Joel  D.  Johnson,  John  F.  Power,  and  Thomas  J.  Russell** 

Los  Alamos  National  Laboratory,  MS  J579 
Los  Alamos,  NM  87545 
505/667-1984 

ABSTRACT 

The  performance  of  free-electron  lasers  driven  by  an  electron  beam  from  a  rf  linac  is  strongly  de 
pendent  on  the  stability  of  the  electron  energy,  the  charge  per  micropulse,  and  the  time  interval  heiueei! 
micropulses  Effects  of  beam  instabilities  on  lasing  and  the  improvements  made  at  the  LANL  ami  Hoeme 
FELs  are  presented. 


*  Work  supported  and  funded  by  the  US  Department  of  Defense,  Anny  Strategic  Defense  C'omniand. 
under  the  auspices  of  the  US  Department  of  Energy. 

**  Boeing  Physical  Science  Research  Center 


LOS  ALAMOS  10-MICRON  PEL 

Fig.  1.  Configuration  of  the  LANL  FEL. 

•  Thermionic  Gun 


•  lO0*MHz  Buncher 


Fig.  2.  Arrangement  of  the  BPSRC  FEL. 
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SENSITIVITY  OF  LASING  TO  VARIATIONS  IN  RF  PHASE  AND  AMPLITUDE  IN  THE  LANL  FEI 


Fig.  5.  BPSRC  gun  pulse.  1.25  nC  per  vertical  division.  Fig.  o.  BPSRC  klystron  rf  phase.  One  degree  j.er  vor 

ticai  division 
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Noncol linear  FEL  and  Inverse  PEL  Schemes 


A . A . Varfolomeev, Yu . Yu . Lachin 
Kurchatov  Inst. of  Atomic  Energy 
Moscow, USSR 


Abstract 

FEL  designs  with  the  electron  beam  travelling  throu^  the  undulator  not 
along,  but  at  some  angle  with  respect  to  the  laser  beam  have  been  analyzed.  A 
general  expression  for  small-signal  gain  is  obtained.  The  noncollinear  schemes 
can  in  some  cases  be  preferable.  They  provide  tunable  laser  operation,  make 
two  laser  beams  noncollinear  interaction  with  electron  beam  possible  within 
the  same  undulator,  increase  the  acceleration  rate  and  the  upper  limit  of 
particle  energies. 


Fig.l  Noncollinear  beam  geometry  in  PEL: 
1  -undulator,  2,3-cavity  mirrors,  4  - 
electron  beam 


Fig. 2  Gain  enhancement  in  FEL  with 
noncol linearity  for  different 
polarizations. 


Fig. 3  Noncollinear  storage  ring  FEL 
scheme . 


Fig. 4  Harmonic  generation  with  two- 
dimensional  undulator:  1  -  undulator, 
2,3  -  mirrors,  4  -  electron  beam. 
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3/4  5,6 


Fig. 5  Second  harmonic  gain  function 
(a)  ^0=0;  4>  =  0  (solid 

curve)  and  <p  =  n /A  (dashed). 

,  v^-de  tunings . 


Second  harmonic  gain  enhancement 


1.38*10 


Fig. 7  Maximum  acceleration  rate  in 

Fig. 6  Collinear  (a)  and  noncollinear  (b)  collinear  IFEL  for  the  field  10^^  V/m 
inverse  FEL  schemes.  1  -  lasers,  and  X  =  1/j  (solid  curve)  and  synchrotron 

2  -  undulators,  3,4  -  cavity  mirrors.  ” 

radiation  energy  losses  per  unit  length 

in  bending  magnet  field  5  Tesla  (dashed) 


PI.36 
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DEVELOPMENT  OF  A  HYBRID  PERMANENT  MAGNET  UNDULATOR 
PROTOTYPE  FOR  FREE  ELECTRON  LASERS 

Rosatelli,  L.  Barbagelata,  A-  Hat  rone,  G.  Ottonello,  P.  Prati,  D-  Tommasini 
ANSALOO  RICERCHE  -  Crrso  Perrone  25,  16152  Genova  (Italy) 


F.  Ciocci,  A.  Renieri,  E.  Sabia 

ENEA,  Dip-  TIB,  U-S-  Fisica  Applicata,  PO.  Box  65,  00044  Frascati  (Italy) 


Abstract 

A  hybrid  permanent  magnet  undulator  is  under  development  in  ANSALDO  RICERCHE  for  the 
LISA  FEL  experiment- 

The  criteria  adopted  to  optimize  the  magnetic  and  mechanical  design  of  the  undulator 
and  the  results  of  field  measurements  on  an  eight  period  prototyjie  will  be 
d i scussed - 

The  device  used  for  measuring  the  permant'it  magnet  blocks  and  the  code  developed  for 
their  sorting  will  be  described- 


Fig  1  ;  Eight  period  model  of  hybrid  permanent  magnet  undulator- 


I’ig  3  :  Equipment  for  measuring  permanent  magnet  blocks 
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EXI.1  Free  Electron  Laser  Oscillation  on  the  Suner-ACO  storaee  Ring  at  Ors 


M.E.  Couprie*,  M.  Billardon**,  M.  Velghe***,  C.  Bazin,  J.M.  Ortega*.  R.Prazeres  and  Y.  Petroff 
(LURE  CNRS/CEA/MEN  Univ.  de  Paris-Sud  91405  cedex  Orsay  FRANCE) 

*  CEA,  ERF,  DPhG,  SPAS,  91191  cedex  Gif-sur-Yvette 
**  ESPCI,  10  rue  Vauquelin  73231  Paris  cedex 

***  LPPM  Univ.  de  Paris-Sud  91405  cedex  Orsay 


ABSTRACT 

The  Free  Electron  Laser  oscillation  was  obtained  in  February  1989  in  the  visible  at 
Orsay.  For  such  experiments,  the  Super-ACO  Storage  Ring  is  operated  at  600  MeV  with  two 
opposite  bunches,  using  the  "low  emittance"  optics.  It  provides  a  gain  of  2%.  The  general 
features  of  the  laser  are  described. 


FREE  ELECTRON  LASER 
OSCILLATION  ON  THE 
SUPER-ACO  STORAGE 
RING  AT  ORSAY 


LURE  CNRSyCEAAIEN 
University  de  Pans-Sud 
91  405  cedex  Orsav  France 


/  •  Characiff’istics  of  (hf  exptnmtnt 
l  i  the  storage  ring 

2)  the  optical  klystron 

3)  the  optical  cavity 

U  Gam  opiintizdiion 

///  -  The  FEL  features 

1)  spectral  characteristics 

2)  temporal  structure 

3)  laser  modes 

4)  laser  power 
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EXI.2 


A  Review  of  the  Stanford  Mark  III  Infrared  FEL  Program 


Stephen  V.  Benson,  Wun  Shain  Fann,  Brett  A.  Hooper,  John  M.  J.  Madey,  Eric  B.  Szarmes 

Department  of  Physics,  Duke  University, 

Durham  NC  27706 
Bruce  Richman 

Dept,  of  Applied  Physics,  Stanford  Univ. 

Stanford,  CA  94305 
Louis  Vintro 

Suite  #203, 900  Welch  Rd.  Palo  Alto  CA  94305 

The  performance  of  Mark  III  infrared  FEL  with  a  new  microwave  gun  will  be  reviewed.  Operation  of 
the  accelerator  is  now  close  to  design  values.  The  Mark  III  has  provided  over  2000  hours  of  laser  time  to 
experiments  in  FEL  physics,  material  science,  and  medical  physics.  Highlights  of  the  experimental  program 
will  be  presented. 


Gun  Opiimization 

Badt  Bombardment  of  iho  Caihoda 


fHobtem:  Soma  alaotrona  lum  around  In  tha  gun  oavliy  «>d  hH  tha 
caihoda  eauab^g  a  ranp  bi  tha  output  euirant  mlaroiMiaa 


Poaafela  aolulian:  Appier  a  ranawama  mapnado  Hold  aoraaa  tha  pun 
eayhy  to  dalloot  thoaa  afaodena 


} 
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Elaelron  boom 

MKTQpUaa  langtt 

•  hmc 
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Maofxifaa  rapabbon  rala 
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Saam  artargy 
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Varbeal  anatlancaf^) 
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Laser  Performance 
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Strahl  ratio 

»0.t 
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EXI.4  INITIAL  RESULTS  FROM  THE  FREE-ELECTRON  LASER  MASTER 

OSCILLATOR/POWER  AMPLIFIER  EXPERIMENT 

Anup  Bhowmik,  Mark  S.  Curtin,  and  Wayne  A.  McMullin 
Rockwell  Intemational/Rocketdyne  Division 
663?  Canoga  Avenue,  Canoga  Park,  CA  91303 

and 

Stephen  V.  Benson  [1],  John  M.  J.  Madey  [1],  Bruce  A.  Richman,  and  Louis  Vintro  [2] 

Stanford  Photon  Research  Laboratory 
Stanford  University,  Stanford,  CA  94305 

We  describe  the  first  free-electron  laser  master  oscillator  and  power  amplifier  experiment.  The 
master  oscillator  and  power  amplifier  are  driven  by  time-sharing  an  electron  beam  from  a  single 
rf-accelerator.  The  optimized,  small-signal  gain  spectrum  realized  in  the  untapered  power 
amplifier  is  presented  and  additional  Q-switched  experiments  are  discussed. 


[I  ]  Now  at  Duke  Univenity,  Durtiam,  NC  27706 

[2]  Now  m  Wharton  School  of  Business,  University  of  Pennsylvania,  Philadelphia,  PA  19104 
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Opticai2p8 
Electron:  2p8 


FIRST  DEMONSTRATION  OF  A 
Q-MODULATEO/O-SWITCHED  FEL(‘) 

•  CdTa  RF  Q-MODULATOR/Q-SWITCH  (23.8  MHz.  EVERY  60TH  ^  PULSE) 

■  CHALLENGES 

•  DAPAAGE  -  SELF  FOCUSSING  (CRYSTAL  AREA,  LENGTH) 

HIGH  PEAK,  AVERAGE  POWER  (CAVrTY  MODIFIED) 

•  LOW  INSERTION  LOSS(AR  COATED) 

•  INFRARED  ALIGNMENT  (REMOVABLE  CEU) 

•  THERMAL  DISTORTION  (WATER  COOLEO/NOT  USED) 

•  HIGH  VOLTAGE  IN  HIGH  VACUUM 

■  OPERATED  FEL  IN  BOTH  O-MODULATED/Q-SWITCHED  MOOES 

•  PROBLEMS 

•  SURFACE  CONTAMINATIONTTRANSMISSION  LOSS 

•PI  5  S  V  OENSON.  •OEMO*reTB*TION  OF  LOSS  MOOULATIOHCAVITY  OUMPINQ 
M  AN  FEL* 


Loss-Modulated  Macropulses 
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GAIN  CURVE  ASYMMETRY 

Sponlanseus  Spsclfum  vs  Gski  DsU 


60 

GAP  OF 
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40 

I.E. 

20 

MACiNETIC 
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0 

WAS  VARIED... 
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0 
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-« 
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-«! 

■CAIN  CURVE 


(A. 


•10 *  *5  0  5 

RESONANCE  PARAUETER 


ProportiortAllty  consun  set  using 
1  -D  gain  calculation  I.e.  50% 


Loss  Modulation  and  Cavity  Dumping 

xIO  power  enhancement  after  3  round  tripe 


CONCLUSIONS 

FIRST  DEMONSTRATION  OF  FEL-MOPA  (SINGLE  ACCELERATOR) 

•  OPTIMIZED  SMALL  SIGNAL  GAIN  SPECTRUM 

•  GAIN  ASYMMETRY  OBSERVED  (INTERMEDIATE  GAIN.  1(«t<G<  100%) 

FIRST  DEMONSTRATION  OF  O-MO0ULATEDT3  SWrrCHED  FEL 

HIGH  POWER  MOP  A  ATTEMPTED 

•  CAVITY  DUMPED  PULSE  TRANSPORTED  TO  AMPLIFIER 

•  LASER  BEAM  QUALITY  POOR 

EXPERIMENT  SHUT  DOWN /TO  BE  RESUMED  AT  DUKE 
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PALADIN  Operation  with  a  25-m-Long  Wiggler* 

T.  J.  Orzechowski,  J.  L.  Miller,  F.  W.  Chambers,  Y.  P.  Chong, 

J.  Edighoffer,!  P.  Lee,  ^  D.  Prosnitz,  E.  T.  Scharlemann,  and  J.  T.  Weir 

Lawrence  Livermore  National  Laboratory 
University  of  California,  Livermore,  California  94550 

The  PALADIN  free-electron  l2tser  amplifier  operates  at  10.6  /rm.  The  wiggler  has  recently  been  extended 
to  25  meters.  We  have  measured  exponential  gain  and  saturation  for  various  magnitudes  of  input  signal.  We 
have  modeled  the  performance  of  PALADIN  with  the  3-dimensional  simulation  code  FRED  and  will  present  both 
experimental  results  and  simulations  of  the  experiment. 

‘Work  performed  jointly  under  the  auspices  of  the  US  Department  of  Energy  by  the  Lawrence  Livermore  National 
Laboratory  under  W-7405-ENG-48  and  the  DOD  under  SDIO/SDC-ATC  MIPR  No.  W31RPD-9-D5007. 

^TRW,  Inc.,  Redondo  Beach,  CA 
^General  Atomics,  San  Diego,  CA 


EX1.5 


PALADIN  Oporatlon  with  a  25-matar 
Long  Wiggler 


PALADIN  phase  four 


T.J. 


iiiti 


J.  L  MMw,  F.  W.  CtwiWiw.  V.P.  Ctang, 
J.  A.  EdIgheHar,  P.  Lm,  0.  ProMita, 

E.  T.  Sehartai—i,  and  J.  T.  Walr 


li 


fTHNWIWO  V  UW 

Cealaranea  an  Ffa#  Elaetran 
mii-Caitton  Hetal 

^  - - 

•vpiWi  rvonw 


AugualZd  — SapCambarl,  ISM 


Exianded  mrigglar 


OuAdrupoM  iNUeWnQ 

ElACtron 

•mittAACA 

bAAmftAif 

AACtlOn  lAAAT  inpul 

WlQQlAr 

dump 

••  - 

-  -  4M*  •.a* 

_ ...s.**?: 

TofAAAT 

EtaKtron 

bMNI 

tranaport 


We  have  assumed  a  two-component  phase  space 

PALADIN  Phase  IV  eKperlmental  parameters _ g  (core  &  halo)  to  model  the  beam  Incident  on  the  QES  ^ 


WWalangtti  10.6  iim 

BaMi  Enaqy  44  MiV 

Baam  Curiam  SOO-dOOA 


Baam  Bdgimiaaa 
WIgglar  partad 
WIgglar  langili 
Input  nlQfiil  pMMf 


Md-tO'A/tradm)'  * 
tem 

zsm 

It  kW.3.t  MW,  400  MW 


•  Constraints  (satf-iinpessd) 

—  Both  componants  at  a  Mist  at  first  QES  aparturs 
—  Each  componant  Is  althsr  i  Gaussian  or  a  uniformly 
nilsd  alUpsoM 

—  Both  comp-.;nants  hava  7  mm  radhis  {t  6.25  mm 
apartura  radius)  at  first  QES  apartura  (adga  radius 
lor  alllpsoM,  1/s  radius  for  Gaussian) 


laiNsmMy  IMsd  asesplansa  at  quadrupsla  •mtunca  ttiactsr  •  Bast  Ilf  llaast  sqtiaraa)  to  n  vs  ouadruDOla  oradlant  Is 

—  Core  3 40 sHipsoM srnhc  s 7.5 mm-mrad,  -300  A 
[/  =  t  4  10*  A/(m-rad)>  or  1  4  10’  (oM  LLNL  unHs)) 

—  Halo  X  Gaussian  tailh  c,,.  s  30  mm-mrad,  -2700  A 

[ ;  (90%  contour)  -  4  6  tV  AAm-rad)*  or  4  610’  (old  LLNL)) 
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Comparing  the  experiment  to  simulation 


'  Th«  •(•etron  bMin  wwigy  varM  by  11%  Irom 
•hol-to-ahal 

•  ThI*  anargy  varMlon  eauMd  larga  vaiMlont  In 
tha  PALADIN  oulpul 

•  To  modal  tha  PEL  pailormanca  arilh  FRED  «w  chooaa 
tha  highast  data  potoit  at  any  aat  of  wigglar  panmatara 
and  compara  thia  to  tha  uppar  anvalopa  of  a  sariaa  of 
almulation  tuna  whara  tha  wigglar  flald  waa  varlad  by 
10^5% 


Wigglar  langih  (m) 


Gain  vs.  wiggler  field,  3.6  MW  input 


1.8  1  9  2  0  2.1 

Wiggler  Ireld  (kG| 


^MSiriiiillinisiir^  data  indicates  PALADIN  has 
demonstrated  0.97%  extraction  from  the 
electron  beam  L? 


e’  beam  on 
Wiggler  parameters: 

s  V80kG 

•^.peek 

17%  linear  taper  starling  at  2  &  D 


=  22  GW 


Electronenere|]^Joss£e|r6esjjflthJaser_goww 


SnargrONV) 

No  Input  aignal  to  PEL 
(unpaituibad  alaelron  dlatrfeutlon) 


Owgriwav) 

400  MW  Input  aIgnM,  17%  Ibiaar 
tapar:  Ayly  m  0.9% 


Conclusion _ q 

•  PALADIN  haa  damonatratad 

—  aaxtupola  transport  of  alactron  baam  In  wigglar 
(Y.P.  Chong  postar) 

—  axponantial  gain  (up  to  31  dB  -2.5  dB/m  asp  gain) 

—  saturation  (0.6  Gl^ 

—  optical  gain  guiding 

—  1%  sxtmetlon  with  Nnsar  tapar 

•  PALADIN  rasuRs  aia  In  raasonabla  agraamant  srith  PEL 
slinulaliona  (34)  coda  FRED) 

•  PALADIN  partormanca  is  currantfy  RmRad  by  atoctron 
baam  brlghtnaas 

•  PALADIN  shoarad  ascallant  powar  balanoa  batwaan 
optical  powar  and  alactron  baam  poatar 
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UNI.1  WORKSHOP  RESULTS  ON  SMALL-PERIOD  WIGGT.ER  DESIGNS 

Richard  L.  Sheffield.  John  H.  Booske,  Roger  W.  Warren,  Klaus  Halbach,  Bruce 
t)anly,  Robert  ll.  Jackson,  Peter  Walstrom,  Jack  Slater,  and  Arthur  Toor 
Los  Alamos  National  Laboratory,  MS  H825 
Los  Alamos,  NM  87545 

A  review  of  a  workshop  on  small-period  wiggler  and  undulator  designs  held  at 
Los  Alamos  National  Laboratoiy  on  April  13,  1989  will  be  presented.  The  wiggler 
designs  are  based  on  the  following  mechanisms:  microwave  fields,  electroma^etic 
coils,  miniature  permanent  magnets,  current  sheets,  superconductive  coils,  and!  iron- 
free  pulsed  wire. 


WORKSHOP  RESULTS  ON 
SMALL-PERIOD  WIGGLER 

Why  we  are  Interested  In 

DESIGNS 

small  period  wigglers. 

Richard  L.  Sheffield,  John  H. 

Booske,  Bruce  G.  Donly,  Robert  H. 
Jackson.  Jack  Slater,  Arthur  Toor, 

Recent  Improvements  In  electron  beam 

Peter  Walstrom,  Roger  W.  Warren 
Representing  On  the  order  given  dbove): 

brightness  has  pushed  the  present  limits 
on  wiggler  periods. 

los  Akvnos  Notiortcil  Ixborotory 

Universttv  of  MoiylarKl 

Monochunetts  Irutltute  oi  Technology 
Naval  Renorch  Laboratory 

APFUCATIONS: 

Spectra  Techmiogy 

LoMrence  Berkeley  Laboratory 

Grumman  Space  Systems 

Los  Alamos  National  Laboratory 

Where  large  gaps  ore  required  to 
reduce;  wokeflelds.  resistive  wall 

Instability,  or  beam  interception. 

1 1th  mt.  Conf,  on  Free  Electron  Lasers 

Low-cost  and/or  high-efficiercy  FELs. 

August  28  ■  September  1 , 1989 

Naples.  Florida 

SCALING  LAWS  FOR  WIGGLERS 
HcSboch,  Slater,  and  Jackson 

CURRENT  SHEET  SHORT-PERIOD 
WIGGLERS 

John  Booske.  Univ.  of  Maryland 

Permanent  magnets; 

For  high  overage  power  rrvTvwave  FELs. 

q,  - 10^  Bi,(G)l,{cm)eA(.p|.|^l^. 

'  Wiggler  periods  to  0.5  to  1.5  cm. 

Electromagnets; 

'  Electron  beam  is  a  sheet  beam . 

c^-  10*J<A/cm»)l,»(cm)e^-pll^lJ. 

Resistance  proportional  to  t  /d 

Power  proportional  to  d 

Cooling  proportional  to  1/d 

'  Uses  very  thin  Iron  lamincttlons  to  reduce 
eddy  current  losses, 

l„  -  Hj{U(thlckness/8klndepth>»). 

'  Measured  field  errors  less  than  1 2%  for 
cores  with  thicknesses  within  4%  and  gap 
t3llgnment  within  ±  0.5  to  1 .0% 
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ISSUES  IN  CURRENT  SHEET 
SHORT-PERIOD  WIGGLERS 


■  Field  errore  become  importent  when  the 
Iron  begins  to  saturate. 

■  Keeping  the  wtggler  thermally  stable  by 
cooling  must  be  considered  for  DC 
operation,  for  small  wiggler  periods  this 
cooling  will  limit  operation  to  a  pulsed 
mode. 

•  Not  compotoble  with  exterrxal  steering 
and/or  focusing. 

•  Correction  of  end  effects  of  the  wiggler. 

•  Field  errors  become  Important  when  the 
Iron  begins  to  saturate. 


REDUCED  EDGE  EFFECTS  LINEAR 
(REEL)  WIGGLER 
Bob  Jackson.  NRL 


'  Developed  for  0. 1  to  1  mm  radkxtlon. 

■  a,  =  0.2  to  1.0  for  periods  of  1  to  3  cm. 

'  Simple  cheap  fabrication  and  flexibility  to 
vary  the  field  Intensity. 

'  Deduces  uncompensated  virtud  bios 
currents  at  v/Iggler  sides. 

'  Deduces  excess  field  end  effects. 

'  MIcrowIggler  structures  possible  below 
1  mm  (to  1  pm)  using  wlr^DM  or  soid- 
stote  fabrication  techniques. 


ISSUES  IN  REDUCED  EDGE  EFFECTS 
UNEAR  (REEL)  WIGGLER 


•  Field  errors  become  Important  when  the 
iron  begins  to  saturate. 

Keeping  the  wiggler  thermally  stable  by 
cooling  must  be  considered  for  DC 
operation,  for  small  wiggler  periods  this 
cooling  will  llmtf  operation  to  a  pulsed 
mode. 

•  Not  compotoble  with  external  steering 
and/or  focusing. 


ELECTROMAGNET  COILS  ON 
C-SHAPED  IRON  CORES 
Bruce  Oonely,  MIT 


•  1  to  5  mm  wiggler  periods. 

'  Individual  cores  can  be  tuned  to 
minimize  wiggler  errors  during  operation. 

■  Prototype  devices  have  been  built  tor  30 
periods  vi/lth  2.4  mm  per  period:  10  A  for 
160  turns  per  core,  -  0.6  kG  peak  fields. 

3  mm  gap. 

•  Next  model  is  for  30  periods  v4th  2.4  mm 
period:  2.5  A  for  800  turns  per  core. -1.3 
kG  peak  fields,  3  mm  gap. 

•  Operation  at  low  temperature  or  In 
pulsed  mode  gives  -  3  kG  ped(  field. 

- 


ISSUES  IN  ELECTROMAGNET  COILS 
ON  C-SHAPED  IRON  CORES 


•  To  achieve  high  a^  requires  pulsed  mode 
operation. 

•  Not  compotoble  with  external  steering 
and/or  focusing. 

•  Field  errors  become  Important  when  the 
iron  begins  to  saturate. 
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MICROWAVE  WIGGLERS 

Bfuce  Donly,  MIT 


ISSUES  IN  MICROWAVE  WIGGLERS 


■  Reionanceglvec  extra  factor  of  two: 

X  -  \,(1+ci,>)/(2(l+ltp,,.*A)r*). 

•  Lm  than  6  mm  period  and  large  bore. 

•  Erfseriment  hot  given  ow- 0.006  for  139 
GHz  of  326  kW  drive  power  -  0.9). 

•  Next  experiment  li  dedgrwd  to  give  on  cr 
>  0049  for  139  GHz  at  4  MW  drive  power 
(k,.»iJk-09). 

••QXMXwlWgp*  pakxl  or  1.21inn  tor  etwM 


SMALL-PERIOD  PERMANENT' 
MAGNETS 
ArtToor.Lii 

■  Permorrent  magnet  wigglea  with  periods 
ofO06to  1  mmarrdupto  10'periodi. 

<  TVvofypMione.  machined MNdbloeki 
ef  petnionent  magnet  material  vAleh  li 
IQW  mOBfwmQ  vKi  imrTwrvQ  w\  q 
revembiaifMdanel.twe.  extiemeiythin 
eioed  woten  Meed  woien. 

•  or  the  machined  bloeki,wlegleriweie 
butt  pericdi  cf  68  to  700  mieroni  and 
32  to  280  total  periodi  •  gIVM  more  uniform 
fleldi  and  earier  to  tabricate. 

■  Of  the  ilcedwafeo.wlgglen  were  built 
with  280  to  1Q00mlcroraandS0to280 
periodi. 

'  Gap  to  period  rotloi  of  0.5  gave  gap 
fleldioritoSkG. 


'  Limited  values  of  a.  for  non- 
supercoTKtucttng  cavttes. 

'  Brood-goln  spectra  and  higher 
harmonics  occurs  for  large 

■  Superconductirrg  covities  ore  knlted  to 
0.  <  OS  because  of  cooling  requirements. 

■  Large  expense  Involved  In  purchasing 
and  set-up  of  tf  source. 

■  Very  high  rf  drive  powers  required  for 
appreciable  (c^  >  0 1)  fields. 


ISSUES  IN  SMALL-PERIOD 
PERMANENT  MAGNET  WIGGLERS 


'  The  machined  blocks  have  a  field  which 
is  dovm  by  2  and  requires  a  bkB  field  and 
thus  codl^  for  dc  operoHoa 

'  The  sliced  wafers  less  than  250  mictons 
curled  because  of  Intemd  stresses: 
fabrication,  hondtog.  and  corriroPng 
unitormlly  ore  very  dfflcult  for  very  thin 
wafers. 

'  Limited  to  smal  values  of  a^ 
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SUPERCONDUCTING  WIGGLERS 

ISSUES  FOR  SUPERCONDUCTING 

Peter  Walstrom,  Grumman 

WIGGLERS 

•  Superconducting  wigglers  give  the 
highest  cw  field  strengths  on-axls  for 

•  Alignment  and  correcting  field  errors 

periods  greater  than  1  cm. 

when  cold. 

•  Holmium  Inserts  con  inrrease  the  on-axis 

■  Thermal  expansion's  effect  on 

field  by  up  to  50%. 

mechanical  design. 

■  For  examp>le. 

'  Cooling  of  wiggler  tube. 

wlggler  period  =  1  cm. 

'  Experrse  of  cryostat. 

wiggler  gap  =  3  mm. 

’  Operating  expense. 

has 

•  Radicftlon  effects  on  superconductor. 

a,=  l.l 

•  Vacuum  In  wiggler  tube. 

1  PULSED  IRON-FREE  COILS 

1 

II  Dodge  Warren,  LANL 

ISSUES  IN  PULSCO 

IRON-FREE  COILS 

■  Goal  is  to  keep  a^  at  1  for  sub-cm 
periods  where  operation  is  limited  by  wire 
failure. 

•  Uses  no  magnetic  materials  and 

therefore  is  not  constrained  by  saturation 
effects. 

■  Limited  to  pulsed  operation. 

■  With  room  temperature  cooling,  pulse 
operation  is  limited  to  -  100  ps  for  3  mm 

•  Skin  and  proximity  effects  become 

Important  for  very  short  pulses  (<10  ps). 

period. 

•  Coll  current  generator  must  have  very  j 

•  Operation  at  1  -3  mm  Is  possible  for  pulse 
lengths  less  than  10  ps. 

small  amplitude  variations.  1 

•  High  machining  precision  is  possible. 

1 

SUMMARY  OF  SMALL-PERIOD 

"  ■■  ■  ■ 

WIGGLER  WORSHOP 

SUMMARY  OF  SMALL-PERIOD 

■  Permanent  magnet  wigglers: 

WIGGLER  WORSHOP 

initially  more  expensive, 
no  operating  costs, 

compotable  w/ith  external  steering  and/ 

■  Microwave  wigglers: 

or  focuslt^. 

wiggler  periods  of  less  than  5  mm; 
possible  sub-mm  periods; 

Hybrid  wigglers: 

large  wiggler  gap; 

inherently  smaller  field  errors; 

initial  expense  is  high; 

lower  fields  than  pure  permanent 

for  high  a,,  cavity  cooling  is  an  Issue; 

magnet  wigglers. 

requires  high  levels  of  rf  power, 
compotable  with  external  steering  and/ 

■  CW  electromagnet; 

or  focusing. 

consume  power; 
require  cooling; 

Iron-free  pulsed  wire  wigglers; 

flexible  operation; 

give  very  high  fields  limited  only  by  the 

relatively  low  cost. 

cooling  available; 

wiggler  periods  of  1  mm  with  an  of  1 ; 

'  Superconducting  wigglers: 

compotable  with  external  steering  and/ 

highest  cw  magnetic  fields; 
for  >  0.5  cm  periods; 

or  focusing. 

very  expensive  to  build  and  op>erate. 
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PULSED-COIL  MICRO  WIGGLERS 
R.  W.  Warren,  D.  W.  Feldman,  and  D.  Preston* 


Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 

*California  State  University 
Hayward,  CA  94542 

Conventional  wigglers  made  with  periods  of  less  than  a  few  centimeters 
generate  light  of  short  waveleng^,  but  usually  have  low  gain  because  of  their  low 
fields.  Iron-free  electromagnets  driven  by  high  pulsed  currents  can  generate  the  high 
fields  needed.  We  will  discuss  the  design  and  construction  of  such  magnets. 
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Properties  of  coils  of  different  sizes 


Winding  double  helixes  of  8  mm 
period  with  2  mm  dia.  tubing. 


LosAla»T>os 


Completed  wiggier 


integral  of  field 


AREA  •  l.t»4  C- 

5  VOLT-tCCONOt  1 

Double  integral  of  field  showing  bad 
end  effect. 


Field-measuring  apparatus 


1  ^  ^  • 

L  f  ^  *  w  s 

r  *  ^  -m  • 

1  •  »,  •  " 

»  A/*'  1 

'  f  ! 

Double  integral  of  field  showing 
good  end  effect. 


UNL3  MICROUNDULATOR  FIELDS 

Isidoro  Kimel,  Luis  R.  Elias 

Center  for  Research  in  Electro-Optics  and  Lasers  (CREOL) 

University  of  Central  Florida,  Orlando,  FL  32816 

ABSTRACT 

Magnetic  fields  of  several  configurations  for  short  period  undulators  made  of  permanent 
magnets,  were  studied  analytically.  These  microundulators  are  made  of  blocks  on  which  grooves  are 
machined.  First,  the  approximate  two-dimensional  fields  were  obtained  by  solving  Poisson  equation 
using  Fourier  transforms.  The  finite  width  corrections  were  added  afterwards. 


1 .  OVERVIEW 

IT  IS  EXTREMELY  HARO  TO  MAKE  A  VERY 
SHORT  PERIOD  (A  FEW  MM)  UNDULATOR  IN  THE 
HALBACH  CONHGURATTON. 

OBJECXTVE  OF  IHE  WORK:  Study  different  oonfigu* 
ndooi  of  short  period  uoduUton  of  perouaent  nsg- 

aets  in  order  to  find  the  most  oonvenieot 

STEPS. 

*  First  consider  two  dunettsioiul  (large  width) 

ttnicturet. 

*  Find  a  cooveoient  way  to  cakutate  the  fields. 

*  Use  of  rotatiofi  tbeoreoi  plus  translations. 

*  Analyze  the  best  altematives  for  microundutaton. 

*  Calculate  finite  widfii  effects. 


2 .  THEORETICAL  CONSIDERATIONS 

An  undulator  consists  of  blocks  in  different  positions  to 
one  period,  each  with  the  magnetiratioD  in  a  different  direc* 
tioD.  In  calculating  the  total  field,  the  fields  from  the  differ¬ 
ent  types  of  blocks  have  to  be  added.  Fortunately,  for 
two-dimensioaal  structures,  only  the  field  of  one  of 
block  has  to  be  explicitly  calculated.  Then,  the  fields  of  the 
other  blocks  can  be  obtained  with  the  use  of  translstioos  and 
the  rotation  theorem. 

2.1 .  ROTATION  THEOREM 

OuBide  the  megnets 

S--7*  ,  S-7*A. 

In  ternu  of  the  magnetization  ^ 


we  have 


♦  (X) 


4n  J  |x-x’| 


-  Jcfz'dy’MCz’y 'jin  {(z-z  •)’.(> -y-)»> 
Taking  the  derivacivcs  die  potential  comes  out 

with 

In  a  ttmflar  wwy  the  vector  potential  comes  out 

It  IS  then  ooavement  to  define 

„.*.M.--Ji/dz-dy^. 

As  was  done  with  the  magnetizstion  and  ooordioete,  we 
can  define  the  oooples  induction 


A  simple  calculation  shows 


B-.^iisfdz'dy^l 


---f 

4nJ 


dz’dy ' 


if 


A  rotation  of  the  magnetization  by  an  angle  6  is 
described  by 


-»«/'•  Ve'* 

and  we  have  the  ROTATION  THEOREM: 

When  M  is  rotated  by  0.  B*  is  also  rotated  by  6. 
Then  S  is  rotated  by  *9. 

3  .  BASIC  BLOCK  CONHGURATION 


Let  us  calculate  first,  the  fields  (or  potenrial)  of  simple 
periodic  block  structures  like  the  upper  and  lower  rows  in 
Fig.  1.  The  source  for  the  magnetic  potential  for  the  upper 
row,  in  one  period,  is 
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x(l  -«  }^\n{nkz)cosh{,nky) 


6  .  FINITE  WIDTH  EFTECTS 


The  precediiif  anaJyits  a  nricdy  vilid  id  the  Uoiit  of 
nfinity  vidth.  Fuute  width  effecn  cu  be  tikeo  ioto  eccouat 
by  BuJtiplyiai  the  uufoetic  Muree  by  the  biiicooa  whiefa  is 
eoe  inside  (he  width  and  xero  outside.  Neoely 


f  ^  ) — '  r 

CD :  dl  CDI-  [PFIDE]!- 

i _ -ti  -J _ UJL 

CD  CD  CD  mFmq 

LxJtU 


Introducittf  this  hinctioo  inn  (he  sMree  yields  s  finite  width 
oofreeiiofl  betor  ftven  by 
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In  Search  of  a  Meaningful  Field  Error  Spec  for  Wigglers 


B.  Bobbs,  G.  Rakowsky,  P.  Kennedy,  R.  Cover  and  D.  Slater 
Rockwell  International,  Rocketdyne  Division 
6633  Canoga  Avenue 
Canoga  Park,  CA  91 303 

Wiggler  field  quality  is  often  characterized  by  its  RMS  deviation  from  the  ideal.  This  deviation, 
however,  is  a  poor  predictor  of  actual  system  performance,  particularly  in  light  of  the  possibilities 
for  optimized  error  ordering.  An  alternative  field  quality  characterizaton  in  terms  of  trajectory 
wander  and  cumulative  phase  shake  shows  greatly  improved  correlation  with  performance. 


WIGGLER  HELD  ERROR  CHARACTERIZATION 


•  CmcnA  FOR  A  UKnjL  aPEC: 

.  GOOD  PREDICTOR  OF  PERFORMANCE 

•  STRAIGHTFOIIWAnO  CALCULATION 

•  MOEKNOENT  OF  ALL  ON  HOOT  OPERATINQ  PARAMETERS 

•  COMPUTATIONALLV  QUICK 

•  COMPCMBATCD  FOR  8TEERMM  AND  GAP  TUNMO 

•  RMS  FKLO  ERROR  SATISFIES  AU  OFTHE8E  . . . 

ElOn  1ME  FSHT  ONE  I 


TRAJECTORY  MODEL 


MODEL  FCLD  ERRORS  ST  A  VARIATION  SI  SME  WAVE 
AMPLITUDE  FROM  ONE  L./2  SITERVAL  TO  NEXT: 

R(l)-  •■•ll  «AlMNkwl  tar  Vi  <  <  <  A 

NfTEORATE  TWICE  TO  QET  TRAJECTORT: 

/^\  — AMPLITUDE  ii,(1*Jui) 


FIELD  ERRORS  AFFECT  PERFORMANCE 


ERROR  COMPENSATION 


NECESSARY  TO  AVOO  UNOERESTHATSW  PERFORMANCE 
WHEN  FSIE  ADJUSTMENTS  WILL  SE  MADE 

WANDER  COMPENSATION  -  SHTUL  STEERSM 

•  SET  BNTIAL  SLOPE  TO  m.  :  ■ 

•  REOUBIE  FBIAL  WANDER  RETURN  TO  ZERO;  :  0 

>  PHASE  COMPENSATION  -  GAP  TUNBIG 

•  SCALE  FKLO  SV  PARAMETER  I 

•  REQUIRE  FSUL  PHASE  SLIP  RETURN  TO  ZERO:  Va,*  -  0 

>  SOLVE  FOR  SELF.CONSiaTENT  SET  OF  VALUES  FOR  •  AND  I 

(ANALYTICAL  SOLUTION) 


PHASE  SHAKE  CALCULATION 


COMPUTE  DMTANCE  TRAVELED  BY  F*  OVER  ONE  WIGGLE 


-LENGTH  =  L,  =  «c(g)  dz 

(SOLUTION  ANALYTIC  M  £,  A 


’  SLIP  SI  PONDEROMOTIVE  PHASE; 

Ayi  c  211/X  [L,  -  L(NO  ERRORS)] 

CUMULATIVE  mASE  SLIP  y;  :  £  Ayi 
>  PHASE  SHAKE  :  VARIATION  W  CUMULATIVE  PHASE  SLIP 


TRAJECTORY  ERROR  EXAMPLE 


108 


1-D  FEL  SIMULATION  CODE 


■  COHEREKT  INTEGRATION  OF  OPTICAL  EMISSION 
ALONG  WIGGLER 


>  EVALUATE  ON-AXIS  OUANTTTIES: 

•  SPONTANEOUS  EMISSION  AT  RRST  HARMONIC 

•  OPTICAL  SMALL  SIGNAL  GAIN 

>  SCAN  SPECTRUM  FOR  PEAK  VALUES 

•  FOR  DETAILS  SEE  PAPER  PPS.?  WEDNESDAY  EVE 

(KENNEDY,  at  a!  ) 


ERROR  /  PERFORMANCE  CORRELATION 


ERROR  /  PERFORMANCE  CORRELATION 


ERROR  /  PERFORMANCE  CORRELATION 


RANDOM  AND  OPTIMIZED  160-PERIOO  TAPERED  WIGGLERS 


u  ^ 

08 

cr 

Em 

Ul^ 

06 

88 

0  4 

O  X 
2“ 

02 

2  4 

RMS  FIELD  ERROR 
(%) 


•FELOPr  -  FEL  SIMULATION  CODE 


>  SOPHISTICATED  I-D  SIMULATION 

•  REALISTIC  ELECTRON  DISTRIBUTION 

.  LORENTZ  FORCE  EQUATIONS  FOR  ELECTRON  TRAJECTORIES 

•  KROLL-MORTON-ROSENBLUTH  EQUATIONS  OF  MOTION 

•  PARAXIAL  WAVE  EQUATION  FOR  OPTICAL  FIELD  IN  WIGGLER 


>  WIGGLER  FIELD  ERRORS  ANALYZED  USING  KINCAID  MODEL 
AS  DEVELOPED  BY  ELLIOTT  AND  McVEY 


•FOR  DETAILS  SEE  PAPER  «P2.2S  TUESDAY  EVE  (COVER.  »l  a/) 


ERROR  /  PERFORMANCE  CORRELATION 


6  0  50  100  150  200  250 

RMS  PHASE  SHAKE 
(DEG) 


2  4  6 

RMS  BEAM  WANDER 

(WIGGLE  AMPLITUDES) 


, _  figgler  Error  leduetion  Through  Shla  Tuning 

UNI.5 

S.C.  Gottschalk,  D.C.  Quiaby,  l.B.  lobionson,  J.M.  Slater 
Spectra  Teelmologj,  Inc. 

2766  Northup  fay 
Belleruei  Washington  08004-1406 


A  techni<|ue  has  been  deyelopeil  for  reducing  wiggler  errors  using  shins  placed 
on  wiggler  sagnets.  The  seasured  shin  fields  are  used  by  an  optiaisation  algoritha 
to  deteraine  the  shia  thicknesses.  The  klfS  kick  errors  were  reduced  froa  l.Z%  to 
O.llX  on  a  60-ca  test  fixture.  PIELD  shimming  concept 


OVERVIEW 

•  Discuss  Shims  Placed  Magnets  With  Uniform  Dipole 

-  Algorithm 

-  Show  results  demonstrating  correction  to  0.1%  from  1.3% 


•  TIm  Iran  SIMM  Pbcad  Dmctly  M  Mafiicti 

-  ItedocM  local  fiold  flmwili  op  IK  nM 
•  SMms  pEoduco  110  mi  itoont 

-  Sdf  poMtwwif.  imiiwdimly  cii»twhlt 


•  Propose  Placing  Shims  on  Poles  Instead  of  on  Magnets 

•  No  need  for  external  dipole 
-  Shim  by  'inspection*  without  computer 


SlMMiiiac  it  Prafeiatiit  Pdo/MagM  ZmtpvM 

■  No  wownot  of  kiflt-pcacnioa  pMU 
-  Soporatioo  o<  waioer  hoio  poia  mon  it  tot  raqoM 

SHIM  FIELD  SIGNATURE 


•  Discuss  Transverse  Dipole  Shimming 

•  Derive  Higher  Order  Moment  Shimming  Method 


SHIMMING  PROCEDURE 


Measure  Shim  Field  Signature 

Pre-Load  Wiggler  with  Nominal  Thickness  Shims 
(e  g..  0.015”) 

Measure  Wiggler  Field 

Use  Optimizer  to  Find  Shim  Thicknesses 


*  Signature  of  0.089  cm  Thick  Shim 


•  Measurements  Show  Simple  Calibration  of  Shim  Effect 

-  Linear  response  with  thickness 

-  Additive  urith  neighboring  shim  fields 

SHIMMING  ALGORITHM 


•  Field  is  Additioo  of  Effects  of  All  Skims  .F  Coostaot  Stecrmc. 

Spatial  FrequcKy  of  Shim  Field  ASoeas  all  X/2  Intecrals  to  be  Corrected. 

•  Solve  Using  Constrained  Optimiialien 

•kS  -/  *  j  "i  *!*  **>  *  ■«+'  *  ■^''1 


(H)», 


mm  . *N4.|)  **  ciaHwiaf 

•tfi  i  I  1/7  i-l. ...N 


Install  Shims 
Re-Measure 

Repeat  Thickness  Calculation,  if  Needed 


■*  ‘  "nrl  ‘  * 

% 

•In)  -  [  -Ut/X 

i.l 

Metkod  it  Totally  General.  Any  Tatfet  Function  f(a») 
can  be  Minimited. 
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KICK  ERROR  (G  em) 


STI  SHIMMING  DEMONSTRATES  IMPROVED  SHIMMING  ON  NISUS 

LOWEST  WIGGLER  ERRORS 


•  Predicted  and  Measured  Shim  Fields  Agree  to  0.09%.  No  Need  to  Iterate 


Shim  Reduces  Gap  Sensitivity  of  Field  Errors 


POLE  SHIMS  ELIMINATE  NEED 
FOR  EXTERNAL  DIPOLE 


•  Pole  Shims  Adjust  Local  Gap 


•  Measured  Signature  Function 
is  Very  Narrow 

-  Large  effect.  0.3%/mil, 
under  pole 

-  Sidelobes  <  10% 


Should  be  Able  to  Get  to  <  0 
Better  Still  With  a  Computer 


-4  -r  0  I  4 

PofKbni  |CM| 

Error  Without  Computer. 


TRANSVERSE  DIPOLE  CAN  BE 
CORRECTED  WITH  SHIMS 


•  Transverse  Errors  can  be  as  Large  as  Main  Field  Errors 

•  Method  Uses  Wedges  to  Affect  a  Local  Rotation  of  Coordinator  System 


OMmM  T'xe'nMt 
SMi  SWb  mmI  I*  Id 
SlwiNg 


SMa*  M  MaiiMi 
I  INcMHIT 


•  Net  Transverse  Dipole  With  Pole  Shims 

•  No  Net  Transverse  Dipole  With  Magnet  Shims 


HIGHER  ORDER  MOMENT  SHIMMING 


CONCLUSIONS 


.  Illustrate  With  ;>extopole.  Shims  on  Poles  (Magnet  case  sarr»e  principle) 


•  Shims  on  Magnets  Have  Demonstrated  0.1%  Capability 

•  Shims  on  Poles  Should  Work  as  Well  Without  Need  for  External  Corrector 

•  Long  Correlation  Length  Errors  Requires  Tighter  Control 
-  Modify  function  being  minimized 

•  Transverse  Dipole  Errors  can  be  Corrected  With  Shims 

•  Method  Found  to  Correct  Higher  Order  Moment  Errors  as  WeN 
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UNI  .6  Dist  )ersion  Interference  in  the 

Pulsed  Wire  Measurement  Method 

O.  Shahal 

N.R.C.-  Negev,  P.O.Box  9001,  Beer-Slieva,  Israel 

B.V.  Elkonin  and  J.S.  Sokolowski 

Dept,  of  Nuclear  Physics,  The  Weizmann  Institute  of  Science,  Rehovot,  Israel 

Abstract 

The  magnetic  profile  of  the  wiggler  to  be  used  in  the  planned  Weizmann  Institute 
FEL  has  been  measured  using  the  pulsed  wire  method.  The  main  transverse  deflec¬ 
tion  pattern  caused  by  an  electrical  current  pulse  in  a  wire  placed  along  the  wiggler 
was  sometimes  accompanied  by  minor  faster  and  slower  parasitic  components.  These 
components  interfered  with  the  main  profile,  resulting  in  distorted  mapping  of  the 
wiggler  magnetic  field.  Their  periodical  structure  being  very  close  to  the  main  pat¬ 
tern  could  not  be  easily  resolved  by  applying  a  numerical  Fourier  transform.  A  strong 
correlation  between  the  wire  tension  and  the  amplitude  of  the  peurasitic  patterns  was 
found.  Significant  damping  of  these  oscillations  was  achieved  by  applying  high  enough 
tension  to  the  wire  (close  to  the  yield  point),  adlowing  to  disregEird  their  contribution 
to  the  meEisurement  accuracy. 

Introduction 

The  pulsed  wire  magnetic  profile  measurements  method  which  was  first  proposed 
by  R.W.  Warren  was  applied  for  testing  and  adjustment  of  the  TRW/Stanford 

wiggler  This  method  enables  measurements  and  adjustments  of  the  magnetic  pro¬ 
file  in  situ,  it  is  very  convenient  for  the  conventional  wigglers  tests  and  becomes  a  real 
must  for  mapping  of  the  electromagnetic  pulsed  wigglers. 

The  Experimental  Setup 

The  measuring  setup  was  designed  in  such  a  way  that  it  would  allow  for  finding 
the  best  conditions  for  mapping  and  adjusting  of  the  magnetic  fields  of  our  wiggler 
and  also  to  enable  us  to  investigate  the  behaviour  of  the  system.  The  wiggler  was 
75  cm  long,  Halbach  type  (ITxAu,,  A^,  =  4.4cm).  In  order  to  be  able  to  observe  the 
faster  and  slower  components  of  the  wire  deflections  we  have  chosen  to  use  a  2.3  m 
long  wire.  Some  meaisurements  were  performed  with  5-wavelength  wiggler  or  even  1- 
wavelength,  in  order  to  distinguish  between  the  main  pattern  and  the  pareisitic  com¬ 
ponents. 

The  detection  system  used  was  similar  to  the  one  decribed  in  ref. 

Results  and  Discussion 

During  the  preparation  and  testing  of  the  system  for  meeisuring  and  mapping  of 
the  wiggler  magnetic  field  profile,  we  have  encountered  small  amplitude  oscillations 
which  accompanied  the  main  signal,  quite  often  even  quite  distant  from  it.  Thus,  had 
we  have  used  a  short  wire  most  probably  we  would  not  have  realized  the  presence  of 
these  perturbations  at  all  (see  fig.  1). 

The  physical  interpretation  of  tnese  fast  oscillations  is  not  yet  completely  clear  to 
us  -  we  hope  to  reach  full  understanding  of  it  after  completion  of  these  investigations. 
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Fig.  1.  The  main  full  wiggler  pattern  (17  Au,) 
a}  witli  its  interference  at  b)  with  its  interference  at 

1.6  X  10^  kg/cm^  wire  tension;  3.1  x  10^  kg/cm^  wire  tension. 


Fig.  3.  The  lA  pattern  with  interference  Fig.  4.  The  5A,j;  main  pattern  at 

at  wire  tension  of  4.7  x  lO'-^  kg/cm''^.  10.8  x  10^  kg/cm^  wire  tension. 

The  perturbation  pattern  seems  to  be 

rather  continuous  and  does  not  resemble  the  basic  main  signed.  This  can  be  seen 
'  clearly  in  fig.  3. 

Figure  4  (wire  tension  lO.SxlO^  kg/cm^  shows  that  Ijy  increase  of  the  wire  ten¬ 
sion  one  can  <lecrease  the  aini)litude  of  the  parasitic  signals  very  significantly. 

Conclusions 

In  spite  of  the  perturbations  described  above  this  method  is  capable  to  give  reli¬ 
able,  reproducible  and  accurate  results.  The  necessary  condition  for  this  is  relatively 
high  tension  of  the  wire  (80%  or  more  of  the  yield  point  for  Be-Cu  wire). 
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PR2.2  Status  and  Research  Objectives  of  the  Dutch  Free  Electron  Laser  for  Infrared  Experiments 


P.  W.  van  Amersfoort,  R.  W.  B.  Best,  R.  van  Buuren,  P.  F.  M.  Delmee,  B.  Faatz, 

C  A.  J.  van  der  Geer,  D.  A.  Jaroszynski,  P.  Manintveld,  W.  J.  Mastop, 

B.  J.  H.  Meddens,  A.  F.  G.  van  der  Meer,  D.  Oepts,  J.  Pluygers,  and  MJ.  van  der  Wiel 

FOM-Institutefor  Plasma  Physics  'Rijnhuizen\  Association  EURATOM-FOM, 

Edisonbaan  14, 3439  MN  Nieuwegein,  The  Netherlands,  Tel.  3402-31224 

We  review  die  status  and  research  objectives  of  the  Free  Electron  Laser  for  Infrared  Experiments  (FELIX),  which  will  be 
qiierated  as  a  users  facility  for  the  far-infrared  and  microwave  spectral  regions.  The  spectral  region  between  8  and  80  pm  will 
be  covered  in  the  flrst  stage  of  the  project 

The  accelerator  for  FELIX  consists  of  a  triode  gun,  a  prebuncher,  a  travelling-wave  buncher,  and  two 
travelling-wave  linac  sections.  The  beam  can  be  bent  into  undulators  at  two  locations:  after  the  first  (1S-2S 
MeV)  and  after  the  second  linac  (25-45  MeV),  sec  Fig.  1.  In  principle,  two  undulators  can  be  placed  at 
each  location.  By  installing  undulators  with  different  periods  this  will,  eventually,  permit  coverage  of  the 
wavelength  range  from  3  to  roughly  300  nm.  Tuning  will  be  achieved  by  varying  the  undulator  gap 
width,  rather  than  by  varying  the  beam  energy,  so  as  to  fulfil  our  first  research  objective,  n^id  tunability. 
We  note  that  varying  the  energy  would  involve  manipulation  of  a  large  number  of  bending  and  focusing 
elements. 


oaa-  - 
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Figure  1.  Basic  layout  of  FELIX.  Dimensions  are  in  cm.  In  Stage  I  of  the  project,  two  sections  of  the  UK-FEL  undulator 
will  be  placed  behind  the  first  accelerating  structure,  and  two  sections  will  be  placed  behind  the  second  structure. 

These  cover  the  wavelength  range  from  5-30  and  17-80  pm,  respectively. 

The  design  parameters  for  our  accelarator  are  summarized  in  Table  1.  The  duration  of  the  electron 
bunches  emerging  from  the  linac  will  be  roughly  3  ps  and  thus,  the  duration  of  the  optical  pulse  length 
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Table  1.  Basic  parameters  for  FELIX,  Stage  I. 


30-90 

Lorentz  factOT 

5-80 

pm 

EM  wavelength 

65 

mm 

Undulator  period 

<4400 

G 

Peak  undulator  field  on  axis 

N 

38 

- 

Number  of  undulator  periods 

K 

<1.9 

- 

Undulator  strength 

Lu 

247 

cm 

Undulator  length 

Q 

194 

pC 

Charge  per  microbunch 

I 

70 

A 

Peak  current 

i 

0.2 

A 

Average  current  during  macropulse 

3 

ps 

Micropulse  length 

1 

GHz 

Micropulse  repetition  frequency 

c 

20 

ps 

Macropulse  length 

fm 

10 

Hi 

Macropulse  repetition  frequency 

^x.y 

1 

mm 

Rms  electron  beam  radius 

2 

mm 

Rms  microbunch  length 

% 

0.35 

% 

Enei^  spread 

50 

n  mm  mrad 

Normalized  rms  emittance 

will  also  be  in  the  ps-range.  This  fulfils  our  second  objective,  the  production  of  short  pulses  of  IR 
radiation.  These  have  application  in  studies  of  lifetimes  and  relaxation  phenomena.  Simulations  have 
shown  that,  by  desynchronising  the  electron  bunches  and  the  optical  pulses,  the  pulse  length  can  be 
varied  over  nearly  an  order  of  magnitude. 

Our  third  research  objective  is  to  obtain  narrow-band  radiation.  This  will  be  achieved  via  phase 
locking  of  the  micropulses  by  means  of  an  intracavity  etalon,  combined  with  external  selection  of  a 
single  cavity  mode.  This  technique  is  only  effective  when  there  are  a  large  number  of  circulating 
pulses  in  the  cavity.  For  our  microbunch  repetition  rate  of  1  GHz,  achieved  by  modulating  the  grid 
voltage  of  the  electron  gun,  there  are  40  circulating  pulses. 

During  the  past  half  year  we  have  made  an  inquiry  among  potential  users  of  FELIX,  with  the  aim 
of  collecting  research  proposals  and  making  an  inventory  of  user  requirements.  So  far,  fourteen 
proposals  have  been  received,  twelve  on  physics  and  two  on  chemistry.  The  proposals  can  be  crudely 
categorized  in  (1)  spectroscopy  of  adsorbed  species,  (2)  semiconductor  spectroscopy  (3)  reactive 
collisions  in  molecular  beams,  (4)  ablation  of  biological  material,  and  (5)  FEL  physics. 

The  status  of  the  main  components  is  as  follows.  Delivery  of  the  electron  gun  (Hermosa 
Electronics),  the  bunching  system  (Interatom)  and  the  accelerating  sections  (CGR-MeV)  is  expected 
in  the  fall  of  1989.  The  20-MW  klystron  (Thomson-CSF)  powering  the  buncher  and  the  accelerating 
sections  has  been  delivered.  The  UK-FEL  undulator  has  been  shipped  from  East-Kilbride  to 


Daresbury  where  it  is  being  overhauled.  The  vault  in  which  FELIX  is  to  be  placed  is  under 
construction  and  will  be  available  by  December  1989.  Prior  to  that  date,  performai.ee  tests  of  the 
electron  gun  and  the  prebuncher  will  be  done  in  the  existing  building. 
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PR2.3 


A  MlCROWlOCir.RIl  FIlRE-RLECTnON  LASER 
AT  THE  RROOKIIAVEN 
ACCELERATOR  TEST  FACILITY 


K.  nnlrlietor^  I.  Hen-Zvl,  ft.  Frrnnw,  .1.  Ontlnrclo, 
II.  Kirk,  C.  PrllrgrJiil,  A.  vnn  Sfrriihrrgrn 


Pro^tkliAvrii  NnttoiiRl  T.nlHtrntr)r3r 
Upton,  Nrw  York  11973 
TrI.  (nifi)M2  3.123,  Frit.  (519)232  3000 


i»n<l 


A.  niiowmik 

liorkwrli  InirrtiMlumRl  /pfirkelilync  Division 
9633  CRn«*f(fi  Arrnnr,  MS/FAIO 
CnnogR  pAfk,  CA  01303 


APSTnACT 

WV  rrport  iKe  drstKii  unA  ftti^tns  of  nn  FE1«  rxprrimrnt  ni  Ikr  Pronkkuvrn 
N«ifton«il  LshorMtor/  Aerr\rtntnr  Tfs|  Fftrililj.  A  ROM^V  kigh  Kngktnrsn 
rlrrlfon  hrftin  s*il!  he  itlilirrA  for  iin  osriliRlor  rrprriment  in  the  visiMe 
wiivetength  region.  The  niirrotriggler  to  lie  iiseti  is  a  titperferrie  plannr 
tin^hilslot  frith  a  0  OAein  period,  60rm  length  end  K  -r  0.3$.  The  optieal 
eariti  It  a  363  rm  long  stahle  resonator  with  hroadhand  dielectric  coated 
mirrors. 


BNL  ATF  EXPERIMENTS 


*  50  MeV  rlci't.roii  liiinr. 

*  IiRScr  pliotocnthodp  rf  clrrlron  gun. 

*  Pe«k  current  lOOA,  Ops  pulse  width. 

*  ~  0  nun  nirml. 

*  Energy  .spread  3  10^. 

*  c  hunch  se|rnrntinn  12.5ns. 


*  Mea.sure  FRL  performance. 

*  Wide  hand  tunability. 

*  CMiirping  for  pulse  compression. 

*  Shorter  wavelength  (higher  energy  /  shorter  A,y). 

*  Tapered  microwiggicr. 

*  Optical  klystron. 
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TUF.  DESICN  PIIINCII’LFS 


rilF  ItESONATOR 


*  ^  li  vr n  Hio  lionr  rinil  f  ntu  r^  wr  <lrf  rr ininr  t  lir 

prr«rli<nl  )i  A  f»ivrn  Iw; 

A  7  n  f 


^  A  ITOiim. 


*  llr«:<Min1or  IpiikUi  .Tn7,7r>rfii. 


*  C*i\rn  flip  Hn:»r  ruripy  -y  nn<l  IIip  wnvr 

wr  hnvr  (Irtminiipfl  tijr  nnr1ii1ntf>r  wnvc- 
li: 

An  27’ A 


*  (Jivrn  Mir  linnr  Pnprf»y  «|»rrn<1,  wr  <1rl.rrri»i»iP  llic 
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/Vn 


7 

2^7 
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\vr  clrirrininr  Mir  wigglrr  inngnrlir  firM  M: 


fi 


218 

rn 


h<-n 


THE  MICHOVVIGGLEH 


*  Mi*  fMwif.gfrrn  (An  <  \rttt)  r.-^n  Jir  rr.'j^JiJy  tnnAr 

wifli  rlrrl rdtnngtirf ^ 

*  I  lir  'vigglrr  rMffpftf  n<ljn«;MrirfH  I*:  n  rnnvrriirnf 
nny  <*i  Minr  tlir  wnvrlrngMi, 

*  5'rrir«?  r<«niirr(pff  pfr*  f  ffmtngnrf  vvip;f»lrrs  rnr»  I>p 
ninflr  wiMi 

*  n^ing  n  flfiprf rrifKlfirlrng  U'lmling  mt»J  n  frrro- 
inngnrlir  v»»kr  |ir*ifltirr^  nn  nMrnctivr  nn  • 

*  A  “^nprc frrrir  wiggirr  pfoflnrr:^  n  sinltlr  firU!. 

*  'I  hi«  irrlitm’ngy  cnn  I’r  rxtrinird  to  «1n>r<rr  An*- 


*  Mirfftr  rndiiif*  nf  rnrvalnrr  IRr».7ririn. 


^  nrnin  wai^t.  —  O-OlHrin. 


*  < >ntrnnpliiig  fTarrinn  5%  (10%) 


*  ^'irrnlnfing  pruvrr  210. HMW  (lin.fJMW) 


*  Inirnsily  ni  inirrnr  H.  1  TiM VV/ri?i’  (2.n'lMW/cin^) 

*  IVnk  niitptil  pf»wrr  IJMW  ^ 
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Numerical  Treatment  Of  Electron  Trajectory 
Straightener  Issues  In  Free-Blectron  Lasers 


D.C.  Quimby 

Spectra  Technology,  Inc. 
Bellevue,  Washington 

C.J.  Elliott 

Los  Alamos  National  Laboratory 
Los  Alamos,  Hew  Mexico 


Requirements  for  e-beam  trajectory  alignment  are  examined  for  short- 
wavelength,  high-efficiency  FELs.  Three-dimensional  modeling  is  used  to  examine 
the  sensitivity  to  e-beam  wander  resulting  from  wiggler  field  errors  and 
inaccuracies  in  trajectory  correction  schemes.  The  performance  of  various 
geometric  arrangements  of  trajectory  di^nostics  and  correction  coils  is  compared. 


INTRODUCTION  nisus  undulator  has  different 

GEOMETRIC  ARRANGEMENT  FOR  E-BEAM 
TRAJECTORY  STRAIGHTENERS 


•  Intra-UnduUtor  E-Beam  Positioii  Diagnostics  and  Steering 
CoRs  are  Often  Required  to  Correct  Trajectory  Wander 


•  Examine  Tradeoffs  in  Required  Level  of  Undulator  Field  Errors 
and  the  Accuracy  and  Number  of  Trajectory  Straighteners 


Colnctdent  or  THUNOER-lypo’ 


•  Compare  Performance  of  Various  Geometric  Arrangements 


An»nwit»9  or  TilSU$>ryps’ 


STRATEGY  DEVELOPED  FOR  DAMPING  ANGLE  SEVERAL  METHODS  FOR  ESTIMATING 

ERRORS  IN  ALTERNATING  CONFIGURATION  E  BEAM  POSITION  AT  NEXT  COIL 

HAVE  BEEN  EXAMINED 


•  rORCMO  KAM  0«-AXIS  AT  EACH  0PM  DOES  WOT  DAMP  ANOLE  ERRORS 


(DEXTRAPOLATIOW 


WWgERPQCATlQW 


•  Interpolation  Gives  Reasonable  Correction  for  Range  of 
Possible  Steering  Errors 


#  To  Date  Have  Only  Considered  Simple  Schemes  Not  Requiring 
Computer  Optimixation 


This  work  was  support  in  part  by  the  U.S.  Army  Strategic  Defense  Command 
through  Boeing  Aerospace  contracts  HB1260  and  HD4785. 
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EXTRACTION  (%) 


MULTIPLE  ITERATIONS  MAY  BE  USEFUL 


OPTIMUM  NUMBER  OF  ITERATIONS 
DEPENDS  ON  WHETHER  FIELD  ERRORS 
OR  BPM  ERRORS  DOMINATE 


Ol  Stt«f  Ai  1.0  To  Put  AopatofN  I  Bohn 
PooiMn  On  All*  AI  IjO 


O  (:  ')  0  O  O  O 


(41  AI  TN*  Pow  THO  WWrMWM  PBMHP 
Ol  nw  o-AopM  Al  (£)«  Ho  Loi^  On 


I'O  A  '  0  «"  An  Horollv*  Mwimi 


ftwoM  N  11*11  of  htralloM 
Wb«i  6PM  Cm*:  Warn  co 
'Cpcrect'  TKno  FklkbM  Tra|tctory 
Cm«  ••  iktlo  M  PiiiMi 


Many  horatUiM  UwMitrpMi  liciMH 
•<  Ttwdawcy  Toward  OacWalary 
Sitcring 


NISUS-TYPE  GEOMETRY  LESS  SENSITIVE  TO 
BPM  ERRORS 


CONTOUR  PLOT  OF  EXTRACTION  ASSUMING 
BEST  POSSIBLE  STRATEGY  USED 
IN  EACH  REGIME 


Curves  Based  on  One  Sample 
Random  Distribution  of 
Errors 


Error  Bars  Denote  One 
Standard  Deviation  for  8 
Trial  Random  Distributions 


16  BPMs  AVAILABLE 


OPTION  MAP  SHOWS  WHICH  STRATEGY 
WORKS  BEST  DEPENDING  ON  LEVEL 
OF  FIELD  ERRORS  AND  BPM  ERRORS 


latPiis  ppaeacToii  cohictop 


•  When  Field  Error*  are  Small,  the  Impact  of  BPM  Errors  may 
be  Reduced  by  Deactivjtmg  Every  Other  BPM 


CONCLUSIONS 


•  Alternating  BPM/Corrector  Geometry  has  Reduced  Sensitivity 
to  BPM  Errors 


a  Undamped  Angle  Errors  Can  Be  Readily  Avoided 


a  Applicability  of  Model  Has  Been  Illustrated  by  Quantifying  the 
Required  Number  and  Accuracy  of  E-beam  Trajectory 
Diagnostics  in  the  NISUS  System 
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The  Hybrid  Undulator  for  the  NIST-NRL  Free-Electron  Laser 

Ronald  G.  Johnson,  David  L.  Mohr,  and  Mark  A.  Wilson 
National  Institute  of  Standards  and  Technology 
Gaithersburg,  MD  20899 

Samuel  Penner 
10500  Pine  Haven  Terrace 
Rockville,  MD  20852 

Francis  C.  Younger,  Brian  Ng,  and  Kenneth  M.  Thomas 
Brobeck  Division,  Maxwell  Laboratories,  Inc. 

1235  Tenth  Street 
Berkeley,  CA  94710 

The  NIST-NRL  FEL  will  use  a  3.64-m  hybrid  undulator  that  is  being  constructed 
at  Brobeck  Division  of  Maxwell  Laboratories.  Constructed  of  SmCo  magnets  and 
vanadium  permendur  pole  pieces,  the  undulator  has  a  period  of  2.8  cm,  a  variable 
gap  with  a  1.0-cm  minimum,  and  a  peak  magnetic  field  of  0.54  T. 


Supported  by  the  US  SDIO  through  ONR  Contract  No.  N00014-87-F-0066 . 


Undulator  Design 

•  Hybrid  undulator  (SmCo  permanent  magnets; 

vanadium  permendur  poles) 

•  Number  of  periods  -  130 

•  Period  length  -  2.8  cm 

•  Total  length  -  3.64  m 

•  Maximum  magnetic  field  -  0.54  T 

•  Minimum  gap  -  1.0  cm 

•  Vacuum  chamber  aperture  -  0.86  cm  (vertical) 

1.6  cm  (horizontal) 

•  Operation  in  full  or  half-length  mode 


Table  1.  Parameters  and  dimensions  of 
the  magnetic  design. 


Peak  field  (T) 

0.54 

Minimum  gap  (mm) 

10.0 

Period  (mm) 

28.0 

Polo  width,  Wp  (mm) 

5.0 

Pole  height,  Hp  (mm) 

33.0 

Pole  length,  Lp  (mm) 

50.0 

Magnet  width,  Wm  (mm) 

9.0 

Magnet  height,  Hm  (mm) 

40,0 

Magnet  length*,  Lm  (mm) 

60.0 

-Permanent  magnets  are  formed  from 
two  blocks  each  30  mm  in  length. 

Magnetic  Design 


•  Dimension*  of  msQnet*  and  polo*  determined  by  the  two- 
dimensional  cod*  POISSON.  (Oimonoion*  shown  In  Table  1) 

•  Dimensions  re-calculated  using  a  three-dimensional 
cod*.  (Slightly  smaller  dimension*  meet  specifications) 

•  Full-scale,  one-period  model*  constructed  and  tested. 
(Confirms  calculations) 

•  Conservative  design  selected.  (Provides  greater  margin, 
especially  for  the  peak  field) 

•  Model  test  results  shown  in  Table  2  and  Figure  1. 

•  Steps  undertaken  to  control  magnetic  field  errors. 

1.  Stringsnt  magnetic  and  mechanical  tolerances  on 

permanent  magnet  block*. 

2.  Error  minimization  by  sorting  magnet  blocks. 

3.  Limiting  deflections  of  the  magnetic  structure. 

4.  Tight  mechanical  tolerances  on  pole  pieces  and 

holders. 

Table  2.  Specifications  for  the  undulator 
magnetic  field  and  model  results. 


Specifications  Model  Results 


Peak  Field  fkO) 

S.4 

5.65 

Maximum  3rd  harmonic 

10% 

3.2% 

Sth  harmonic 

- 

0.5% 

7th  harmonic 

- 

0.2% 

Limit  on  transverse  field 

0.5% 

0.3% 

variation  (central  1.0  cm) 

RMS  error  (Q) 

27 

. 

Vertical  field  integral 

23 

error  (Q-cm) 

Horizontal  field  integral 

23 

- 

error  (Q-cm) 

120 


Distance  -  z  (cm) 


Oistonce  -  x  (cm) 


Fig.  1  Test  results  for  the  full-scale,  one-period  model  of 
the  magnetic  Structure,  (a)  Magnetic  field  along  the 
axis,  (b)  Magnetic  field  transverse  to  the  axis. 


1-^ 

1 

Wp 

Fig.  3  Half-period  magnet  assembly. 


Mechanical  Design 


•  Detailed  mechanical  structure  is  shown  in  Figure  2. 

1.  Sub -base 

2.  Half-length  base 

3.  C-frame 

4.  Steel  I-beam 

5.  Magnet  assemblies 

6.  Gap  adjustment  mechanism 

7.  Air  spring 

8.  Gap  opening  sensor 

9.  Vacuum  chamber 

•  A  half-period  magnet  assembly  is  shown  in  Figure  3. 
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IN  EX  Simulations  of  the  Los  Alamos  HIBAF 
Free-Electron  Laser  MOPA  Experiment 

John  C.  Goldstein,  Bruce  E.  Carlsten,  and  Brian  D.  McVey 


Croup  X-h  MS  E531 
Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 
U.  S.  A. 

We  present  results  of  Integrated  Numerical  Experiment  (INEX)  simulations  of  the  performance 
of  a  1~m  oscillator  driving  a  2-m  Rocketdyne  amplifier  for  the  new  HIBAF  (High  Brightness 
Accelerator  Free-Electron  Laser}  facility  at  Los  Alamos.  INEX  simulations  utilize  a  numeri¬ 
cally  -generated  electron  micropulse,  from  ISIS/PARMELA  calculations  of  the  photoinjector/ 
linac/beam  transport  system  in  the  3-D  FEL  simulation  code  FELEX. 

Introduction.  INEX  simulations  ol  free-olectron  laser  pertormanoe. 

*  The  HIBAF  phoioinjeciorM  liiMc/electTon>be«minmpofltysieiiivttdetigMedwitli 
ihe  code  PARMELA  which  was  used  lo  timulaie  die  p^onMNoe  the  cnthe 
besmlhie. 

*  INEX  ttmulations  use  ihe  numencalty-fenemed  clcclnii>-be—  miaoiMlae  from 
PARMELA  in  Ihe  3*D  FEL  sinnilstion  code  FELEX  lo  study  the  pcrfonMnce  of  the 
FEL  MOPA  system.  In  particular,  the  electron  nudopulse  is  ptripatsliri  by 
PARMELA  up  lo  the  entrance  of  the  oscillalor*s  1*m  wiggicr  wfoe  it  it  bmifenod  lo 
FELEX  lo  be  used  in  oscillaior  pcffaimancc  siaidatiom. 

*  We  have  exiended  the  INEX  method  lo  indode  letmoint  die  eketwn  mkiopidse  lo 

PARMELA  afler  a  sieady>staie  it  reached  in  the  FELEX  oodllalor  smiiilatian.  The 
Micropulse  typically  has  been  changed  (die  energy  spread  hos  been  oiaeated)  due  lo 
Its  iMeraction  with  light  in  the  oscillator.  PARMH>  it  used  to  propagate  the 
mkropulse  through  the  |S(Megiec  bend  magoct  and  focus  H  inie  die  Rockcadyne 
wiggle.  The  electron  pulse  it  then  handed  bade  lo  FELEX  lo  ttmulait  tht 
perfonnanct  of  ihe  amptitier. 


•  A  new  hee-etoctron  laser  facility,  called  HIBAF  for  High  Brightnett  Accelerator  Eree- 
Electian  Laser,  it  being  constructed  at  Lot  Alamos. 

•  HIBAF  anti  comist  of  a  40  Mevrf-lmac  with  a  photocathode  injector,  a  1-m-wtggler 
FEL  oacdlaior.  and  a  2‘m-anggler  FEL  tmplirier.  The  amplirter  anggler  it  being 
constnicled.  and  will  be  supplied  to  Lot  Alamos,  by  Rocketdyne. 

•  This  paper  paeaenit  reauht  of  Imefriled  Numerical  Experiment  (INEX)  sinwiladont  of 
the  performance  of  the  HfBAF  Matter  Oscillator  £0wer  Amplirter  (MOPA)  FEL 
lywiem.  INEX  oomitts  of  Ming  the  etoemm  micropulae.  generated  from  simulatioa  of 
the  accdeiaiDr  tysiem  with  the  code  PARMELA,  m  the  FEL  eimulatian  code  FELEX 
to  calculaie  laacr  performance. 


Los  Alamos 


INEX  modeling  o!  HIBAF. 


PARMaA 

RLEX 

Optical  teM  ■' 


Los  Alamos 


Los  Alamos 


HIBAF  FEL  components. 

•  TVotiticalmofUlor  ndoifned  roranofNicil  wnelengthnrj  |un.  HwiRoominor 

two  CaFj  minm  of  radii  of  cmviiure  of  3  and  4  meten  leparaied  by  aboiK  6.93  m. 

Etch  minor  hai  a  maiimum  renectivily  of  aboW  99  %  tl  3  lira.  The  lo««i>.<ifder 
Gainiian  mode  has  a  Rayleigh  range  of  37  era  and  is  focused  at  the  center  of  the 
wiggler.  Relay  optics  will  iranspon  the  light  frem  the  oscilltlar  to  the  tmplirier. 

•  The  wiggler  used  Hi  the  oscillator  will  he  I  -m  lon|.  Two  poaaiMc  choicet  tic 
contemplaied:  ( I )  an  imi^reiTd  wiggler  with  B.,  -  3214  Gaaaa.  V.,  >  2.73  ctih  tiraa 
(><^4.,>0.SIS4:and(2)a30%  patiholieilly  lapeiiidflal^wiggler. 

•  The  2-m  amplifier  wIggIcr  will  be  eonatracled  and  aapplM  by  Rachcldyne.huffllhrape 

a  rued  wtvelcnglh  of  2,,  •  2.4  cm  IM  win  haue  a  sraiaNe  gap  to  tdiuat  Ihe  — g«»tir 
neldiatnfifL  Asanamapeiedudggier.t  fWIgaparabaal  I  cm  urfll  prodTc  a 
magnetic  ricid  strength  of  w  434S. 7  Gauss,  1^  giving  a.^  ■  1,  This  wiggler  can  he 

IHieaily  tapered  Hi  B^  by  opening  up  the  gap  at  the  esil  end:  mosc  complicaMd  lapera. 
such  u  1  parabolic  taper,  aic  not  poasiMe  with  this  device. 


Los  Alamos 
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The  sensitivity  of  amplifier  performance  to  the  oscillator-induced 
energy  spread  depends  upon  the  wiggler  configuration. 


Controlling  the  oscillator  operating  power  level. 


For  the  2-in  Rocketdyne  wtggler  in  tn  uniapered  configuntion.  we  hive  found  thit 
the  small-sigiul  gain  decfeasea  by  about  a  factor  of  two  for  an  incteaae  by  a  factor  of 
two  (from  0.2.^  %  to  0.5  %)  of  energy  spread. 

For  the  2-m  Rociceldyne  wtggler  with  a  6  %  taper  in  we  have  found  that,  with  an 
incident  optical  power  of  9.2  MW.  the  amplirier’a  gain  and  extraction  efficiency  drop 
by  about  a  factor  of  two  when  the  electrun-beam  energy  spread  increaaea  by  a  factor 
of  four  (from  0.25  %  to  I  %). 

Hence,  the  oacillator  must  be  operated  ao  as  to  increase  the  original  tiectforv-bewn 
energy  spread  by  idnut  a  factor  of  2  to  6  (up  to  about  0.5%  to  1 .3  %).  This  clearly 
Ihnita  the  power  of  the  oacillator  to  quite  low  values,  and  it  is  hard  to  drive  even  a  very 
modestly  tapered  wtggler  to  design  perfonnance  with  such  meager  input  This  is 
particularly  true  since  the  Rocketdyne  wiggler  can  only  be  hnt»r\y  tapered.  Note  also 
that  the  tolerances  estimated  for  allowable  induced  energy  spread  depend  upon  the 
shape  of  the  induced  energy  spread;  that  is.  the  effect  of  increasing  the  rms  energy 
spr^  by  a  factor  of  four  will  differ  for  distribuliom  of  different  shape  having  (he 
same  rms  spread. 


•  The  cakulaied  maximum  small-signal  gain  of  (he  oscillator  with  the  uniform  wtggler 
IS  about  550  %.  Since  the  cavity  losses  are  expected  to  be  only  about  2  %.  this  device 
will  saturate  at  a  very  high  optical  intensity  and  induce  an  unacceptably  large  energy 
spread  on  the  electron  beam. 

•  The  oacillator  can  be  operated  at  low  power  by  (a)  rethicing  the  smaU-aigntl  gam  and 
(b)  increasing  the  cavity  losses. 

•  A  combination  of  methods  can  be  uaed  to  control  the  oacillator 

( 1 )  The  gain  can  be  reduced  by: 

(a)  defocuaing  the  election-beam  in  the  wiggler. 

(b)  using  a  Limow  grating  to  tune  the  laser  wavelength  over  the  gain  curve. 

(c)  adjusting  the  cavity  length  for  operation  on  the  wing  length  tuning  curie. 

(2)  The  cavity  losses  can  be  increased  by  adjusting  the  electron-beam  energy  ao  (M 
the  resonant  wavelength  falls  in  the  loww  reflectivity  (higher  transmission)  region  of 
the  mirrors. 

(3)  A  combination  of  all  of  these  methods  can  be  used  to  produce  itaMc  oacUlaaor 
operation  at  low  power. 


Los  Alamos 
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Electron  micropulse  charBCteristics  from  PARMELA  simulstion.  INEX  results  for  the  oscillator  with  a  defocused  electron  beam. 


Z  (c*) 
riiari 


INEX  results  for  a  high-power  oscillator  using  the  1-m  30% 
paratxjlically-tapered  wiggler  and  the  electron  micropulse  from 
PARMELA  properly  matched  to  the  wiggler. 


t  tCM) 

This  airmilatian  had  4  %  total  cavity  lots  and  used  the  tame  near-concemric  two-moror 
resonator  as  (he  SAMOPA  sirmilaiions.  This  will  not  be  possible  as  (he  optical  intensity 
on  the  mirrori  will  he  exceeded;  hence,  a  more  complicated  ring  resonator  will  be  required 
for  high-powerosciMaior  expenments  in  HIBAF. 

Los  Alamos 


Summary  and  conclusions. 


•  A  new  FEL  facility  named  HIBAF  is  being  built  at  Lxm  Alamos.  Among  the  varioua 
kinds  of  experiments  planned  are  SAMOPA  studies  with  a  low.power  oacillator  aitd  a 
2-m  amplifier  wiggler  to  be  supplied  by  Rocketdyne.  High*power  oacillator  expervnentt 
are  also  planned;  all  of  the  FELx  will  operate  at  tn  optical  wavelength  of  3  pm. 

•  We  have  studied  various  methods  of  operating  the  oacillator  at  low  power  so  as  not  to 
unduly  perturb  the  electron  beam  sent  on  to  the  amplifier.  Defocustrig  the  elecuona  in 
the  oacillator’a  wiggler  looks  promising. 

«  We  have  itudled  (he  performance  of  HIBAF  using  INEX,  and  have  extended  INEX  to 
mdvde  repeated  exchanges  of  electron  micropulset  between  the  accelerator  timulatxm 
code  PARMELA  and  (he  FEL  simulation  code  FELEX  for  the  SAMOPA  itudiea. 

•  The  numerical  sbnulationt  show  that  very  large  amalt-aignal  gain  (>3000)  is  poaaible 
in  the  A-m  Rocketdyne  amplifier  wtggler  if  it  is  untapered;  with  a  modest  taper  (6  %), 
garni  of  about  1 5  with  0.6  %  extraction  emciency  should  be  poastbie  using  the  output 
from  the  low-power  oscillator. 

•  A  high-power  oacillator  needs  a  ring  resonator  and  should  be  able  to  attain  20  GW 
power  levels  inside  the  cavity  aiMl  4  %  extraction  efficiency  with  a  I  -m  parrtiolicalty 
tapered  wiggler. 
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Average  vertical  beam  position  through  wiggler 


Average  horizontal  beam  position  through  wiggler 


PALADIN  Beam  m^S  oscillation 
Elongated  in  the  Horizontal  Plane 


IpalADIN  Beam  »«&  oscillation 
Elongated  in  the  Vertical  Plane 
1.5  Meters  Downstream 


R9040A0B.RAS  PIP  5188 


R9050A0C  RAS  PIP  5328 
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P2.7 

"PAPA  -  A  Particle  Tracing  Code  in  PASCAL" 

EItjo  H.  Haselhoff 
Gerard  J.  Ernst 

Sederlands  Centrum  voor  Laser  Research 
P.O.  Box  2662 
7500  CR  Enschede 
The  Netherlands 


Introduction 

PAPA  is  a  new  PArticle  tracing  code  in  PAscal,  develt^ed  at  NCLR, 
the  Dutch  Center  for  Laser  Research. 

Keywords  for  the  PAPA  program  are: 

o  kfodem.  Clear  and  Consistent  Programming  Style 
O  Accessibility  for  other  users 
o  Modular  Setup  •  Flexibility 
o  Ease  in  use 
O  Good  Documentation 
o  PASCAL  Compatibility 

The  current  version  of  PAPA  offers  a  solid  base  for  a  new,  modem 
and  convenient  particle  tracing  code,  to  be  used  for  simolatioot 
of  all  kinds  of  linear  accelerator  appUcations,  indnding  photo 
cathode  injectors.  It  is  intended  to  be  a  public  domain  code. 

Program  Setup  and  Structure 

Figure  I  shows  a  schematic  picture  of  the  program’s  hierarchy. 

To  achieve  a  good  compatibility  of  the  PASCAL  source,  we  only  used 
standard  Pascal  statements.  This  approach  unfortunateiy  cancels 
much  of  the  power  and  charm  of  modern  compilers.  The  action  taken 
by  PAPA  it  therefore  restricted  to  the  creation  of  an  ASCII  output 
nie,  which  can  be  processed  by  arbitrary  other  routines. 

Currently  we  do  the  graphics  on  an  IBM  PC,  using  fast  and 
convenient  routines  we  wrote  in  Turbo  Pascal.  In  the  future  we 
will  probably  also  create  C-verslons  in  a  UNIX  environment,  for 
ate  on  a  DECStation  3100.  A  fancy  option  is  the  creation  of  a 
red/grem  picture,  which  allows  the  user  to  see  a  stereoscopic 
SD-vitw  of  the  particle  dynamics. 


Figure  /. 
scetdt  of 
hierarchy. 


A  simple 
PAPAS 
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Mathematical  Model 


All  lllusirudoii 


In  ihc  PAPA  code,  in  eleciron  pulse  is  represenied  by  a  limited 
number  of  uniformly  charged,  rigid  but  transparent  clouds,  called 
nicis  ('macro  electron’).  They  have  a  spherical  shape  in  the  lab 
frame.  Mels  appeared  to  be  a  suocesfiil  solulioa  to  the  'particle 
collisioa  problem’,  since  the  repeUing  forces  between  them  reduce 
to  zero  when  they  approach  each  other  closely,  see  flgnre  2.  Their 
radius  is  recalculated  continuously,  to  prevent  a  limitation  of 
the  force  interactions. 

The  equations  of  motion  of  ^  melt  can  be  written  as  a  set  of  6,/f^ 
first  order  DE’t,  which  is  solved  in  this  general  form,  by  either 
an  Elder  or  a  4th  order  Kunge  Kutta  routine.  PAPA  simulations 
showed  that  using  the  Runge  Kutta  routine  in  stead  of  the  Euler 
routine  allows  a  more  than  forty  times  larger  step  size,  which 
results  in  a  more  thsm  ten  times  faster  speed,  eompared  to  many 
other  particle  tracing  codes.  The  modular  setup  of  PAPA  allows 
very  easy  addition  of  other  numerical  routines. 


Figure  2.  Thick 
line:  repeUing 

force  fa.u]  between 
two  charged  ipheres. 
Thin  line:  PAPA 
approximation. 


'I'licse  jtitus  sIhiw  ■  lyjiicat  result  iif  ■  I  A  IO()kV  jmlic  mIih'U  h 
iHJiiclicd  hy  »  40  Mliz  K1  cell 
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Other  Options 


Accessibility  Tlie  PAPA  source  code  is  well  comnKUled. 

Coninicnis  refer  directly  to  the  separate  documcolation. 

Input  File  Translation  PAPA  can  translate  the  code  in  the 
input  file  into  a  detailed  hardware  description  in  plain  English 
on  the  computer  screen.  A  useful  help,  which  reduces  errors. 

Cathodes  Optionally,  all  forces  on  the  mels  are  ignored  at 
long  as  their  z-coordinate  is  smaller  than  zero.  This  allows  the 
simulation  of  electrons  emerging  from  a  cathode  surface.  If  the 
cell  field  files  are  filled  with  the  electrostatic  field 

distribution  of  a  catbode-grid-anode  configuration,  PAPA  could 
also  be  used  as  a  sort  of  thermionic  electron  gun  simulator, 
iiKluding  pulse  effects. 


Continued  runs  Bach  cluster  in  the  PAPA  output  file  can 
easily  serve  at  input  for  a  continued  rim.  Tbit  allows  efficient 
and  flexible  simulations. 

Step  Size  Reduction  A  step  size  reduction  bappens 

automatically  as  soon  as  one  of  the  mels  finds  itself  inside  an  RF 
cavity.  The  amount  of  reduction  is  specified  by  the  user. 

Easy  Cell  Field  Input  PAPA  needs  no  information  about  the 
number  of  'rows'  and  'oolums'  in  cell  field  files,  since  it  finds 
tbit  out  by  itself.  Tbe  cell  fields  can  be  mapped  on  tbe  screen. 

Output  Tbe  format  of  tbe  output  file  makes  it  both  suited 
as  a  bard  copy  for  direct  referenoe,  and  as  a  plot  file  for 
graphic  rautioet. 
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Higher-Power  Free-Electron  Lasers 


Shayne  Johnston 
Jackson  State  University 
Jackson,  Mississippi 


The  dominant  process  is  spontaneous  emission,  enhanced  by  prebunching  on  a 
length  scale  short  compared  with  the  wavelength,  and  sustained  by  a  strong  axial 
electric  field.  Generally  speaking,  the  potential  for  very  high  power  levels 
is  achieved  at  the  expense  of  phase  coherence  relative  to  the  conventional  free- 
electron  laser. 
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Status  and  Design  of  the  NRL  IREC  Maser  Experiment 

A.  W.  Fllflet,  R.  B.  McCowan,  W.M.  Manheimer,  and  P.  Sprangle 
Plasma  "hysics  Hivisior..  Naval  Research  Laboratory, 

Washington,  D.C.  20375-5000 

A  500  kV,  280  GHz  IREC  maser  experiment  featuring  an  open  mirror  type  resonator 
with  the  resonator  axis  tilted  by  ~20®  to  the  electron  beam  axis  is  underway  at  NRL.  A  high 
quality  100  A,  1  psec  pulselen^h  electron  beam  will  be  produced  by  thermionic  cathode  MIG 
type  electron  gun.  Issues  for  the  design  of  this  FEL-like  maser  will  be  discussed. 


INDUCED  RESONANCE  ELECTRON  CYCLOTRON 
QUASI-OPTICAL  MASER  OSCILLATOR 


Advantages  of  CARMs  /  IREC  Maser 

•  Higher  frequency  potential  with  0.5-1  MeV  beam  than 

FEL  or  gyrotron. 

-  Frequency  is  doppler-upshifted  from  cyclotron 
frequency  (co  -ySlm) 

-  A  0.5  MV  CARM  with  a  100  kG 
supercorxfucting  magnet  can  achieve  500  GHz. 

-  The  typical  FEL  wiggler  period  of  3  cm  or  longer 
limits  a  1MV  FEL  to  frequencies  below  180 
GHz. 

Efficiency  potential  of  CARM  is  high  (20-40%). 

-  "auto-resonant"  effect  maintains  beam-wave 
synchronism  during  interaction. 

Can  operate  at  powers  greater  than  10  MW. 


Advantages  of  the  Quasi-Optical 
IREC  Maser _ 

Resonator  and  interaction  volumes  are  large  (» 

Low  ohmic  losses  independent  of  wave  phase  velocity. 


MIG-type  Gun  for  IREC  Maser 


Experiment  requires  a  500  keV,  100  Amp,  1  usee 
annular  beam. 

Temperature-limited  MIG  successfully  developed  for 
gyrotrons. 


Does  not  support  low  frequency  "gyrotron"  ntodes. 


Design  based  on  500  kV  MIG  built  for  U.  Maryland 
gyroklystron. 


Effective  transverse  mode  and  phase  velocity 
selection. 


Variable  mod-anode  voltage  allows  control  of  v„ 
needed  for  voltage  tuning  of  frequency. 


Reduced  sensitivity  to  electron  beam  temperature. 

Lower  perveance  and  vyv.,  in  CARM  regime  should 
Radiation  output  and  e-beam  collection  are  separated,  allow  high  beam  quality  -  1-3%  axial  velocity  spread 


High  beam  quality  predicted  by  accurate  2-D 
simulations. 


280  GHz  IREC  Maser  experiment 

Trim  Coil 


■  ■  I  "HI  I  I  III 

I  s  to*  Ca8tegra>i  I  Output  Coupler 


280  GHZ  IREC  MASER  PARAMETERS 


Beam  Voltage 

500  kV 

Resonator  Angle 

20° 

Beam  Current 

150  A 

Radiation  Waist 

8  mm 

Magnetic  Field 

60  kG 

Interaction  Length 

9.4  cm 

Resonator  Angle 

20° 

Mirror  Separation 

130  cm 

Efficiency 

35% 

Mirror  Diameter 

8  cm 

Pulse  Length 

1  Msec 

Peak  Mirror  Heating 

110  kW/cm2 

Power 

26  MW 

Output  Coupling 

3.5% 

«  3  Vi/V^ 

0.6 

Required  Avz/vz 

2.3% 

Electron  Beam  Quality  from  the  500  kV  MIG 

IREC  Maser  Project  Status 

Engineering  and  fabrication  of  electron  gun  underway. 

-  Delivery  expected  in  FY90. 

500  kV,  200  Amp,  1  psec  modulator  ordered. 

-  Delivery  expected  in  FY90 

Design  of  superconducting  magnet  nearly  complete. 

-  Procurement  planned  for  FY90. 

QO  resonator  and  output  coupler  design  in  progress. 

0.25  0.3  0.35  0.4  0.45  0.5  0.55  0.6  0.65 

Beam  a 
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The  Investigation  of  an  Optical  Klystron 


Ming  Chang  Wang,  Shanghai  Institute  of  Optics  and  Fine 
Mechanics,  PO  Box  8211  Shanghai,  PR  China;  V.L.  Granat- 
stein,  B.  Levush,  U.  of  Maryland,  College  Park,  MD  20742 


Abstract:  The  feasibility  of 
developing  an  amplifier  in  the 
Optical  Klystron  (OK.)  configura¬ 
tion  at  wavelength  of  1-2  mm  has 
been  investigated.  The  effect  of 
beam  velocity  spread  on  the  effi¬ 
ciency  and  gain  of  OK.  is  taken 
into  account.  It  is  found  that 
more  sensitive  to  beam  velocity 
spread  for  three  cavities  than 
two  cavi ties. 

The  configuration  of  an  OK. 
which  can  be  used  to  improve  the 
efficiency  and  gain  of  free  elec¬ 
tron  lasers  (FEL's)  has  been 
investigated!! ] .  Based  on  the 
concept  of  prebunching  electron 


beams,  experimental  and  theoreti¬ 
cal  studies  of  the  OK.  have  been 
carried  out[2,3].  An  attractive 
application  by  using  OK.  has  been 
proposed[4].  For  the  FEL’s  emplo¬ 
ying  small  period  wiggler  (1  cm), 
and  electron  beam  with  modest  pa¬ 
rameters  (375  KV,  100  A/cm*  ),  an 
OK.  has  been  designed  to  obtain 
the  gain  of  20-30  dB. 

In  this  paper,  the  effect  of 
velocity  spread  on  the  efficiency 
and  gain  is  taken  into  account. 
We  assume  the  velocity  spread  of 
the  electron  beams  is  of  Gaussian 
distribution.  For  optimized  gain 
and  efficiency,  the  injection  ve¬ 
locity  of  beams,  Bi  is  slightly 


above  the  resonant  velocity  as 
indicated  by  Bi=o‘Br,  where  ex  I  s  a 
detuning  factor,  which  describes 
frequency  deviation  w  from  a  re¬ 
sonant  frequency  ws  ,  o«  =  w/ws  +  1. 
We  optimized  the  injection  radia¬ 
tion  power  Pin  from  1  W  to  10^  W 
for  the  maximum  efficiency.  The 
maximum  efficiency  is  1,97X  at 
Pin  =  0.44  X  10*W,  the  correspon¬ 
ding  gain  at  this  point  is  25.3 
dB,  the  OK.  works  at  a  nonel inear 
region.  For  the  same  parameters: 
detuning  factor  =  1.001,  beam 
energy  /  =  1.73,  each  cavity 
length  Lw  =  0.20  m,  and  the  drift 
space  l.d  =  0.10  m.  A  comparison 
of  the  efficiency  for  two  caviti¬ 
es  and  three  cavities  with  FEL's 
shows  that  the  OK.  configuration 
can  Improve  not  only  the  gain, 
but  also  the  efficiency. 

An  OK.  with  three  cavities  has 
higher  gain  than  an  OK.  with  two 


cavities,  if  we  optimized  the  OK. 
parameters,  and  obviously  has 
much  higher  gain  than  an  FEL  with 
a  single  cavity.  Fig.  1  shows  the 
efficiency  and  gain  versus  the  Z, 
the  wiggler  distance  for  three 
cavities.  The  energy  spread  is 
about  10"’,  ot  =  1.003,  maximum 
efficiency  is  1.96*(,  and  the  cor¬ 
responding  gain  is  43.3  dB . 

It  is  more  sensitive  to  energy 
spread  for  three  cavities  than 
for  two  cavities.  From  Fig.  2, 
the  efficiency  doesn’t  change  for 
all  cases  if  the  energy  spread  is 
less  than  10"*'.  A  limitation  of 
energy  spread  is  required.  It  is 
5  X  10'*  for  three  cavities,  7  x 
10"*  for  two  cavities,  3  x  10'* 
for  single  cavity  in  our  case. 

The  efficiency  has  been  optimi¬ 
zed  for  injection  power.  Pin  = 
4780  W  for  single  cavity,  Pin  = 
450  W  for  two  cavities.  Pin  =  1  W 
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for  three  cavities. 
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np=  48rt=  1.0010  g0=  1.7319650 
ntv=  20zf=  02000  dd=  0.1000 
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np=  48rl=  1.0010  g0=  1.7319050 
nw=  20  7,f=  0.2000  dcl=  O.IOOO 


10 

power  in 


rig.  1  The  gain  and  efficiency  of  a  two-cavlcy,  133  CH*  O.K.  versus  Input 


pouer  fron  1  i;  to  10*'  W  for  Ay/y  -  lO"^ 


n  <  s  ) 


on«  rCL  4780  V 
t»o  csviti«s  4^0  « 
thr**  cttvitlca  l  ■ 


Flg«  2  Th«  efficiency  for  dicferenc  cavlcle*  O.K.  v*.  the  beao  velocity 
spread. 
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High  Performance  Pure  Permanent  Magnet  Undulators 


G.  Rakowsky,  B.  Bobbs,  R.  Burke,  W.  McMullin,  G.  Swoyer 
Rockwell  Inemadonal,  Rocketdyne  Division 
6633  Canoga  Ave.  FA38,  Canoga  Park,  CA  91303 

Pure  permanent  magnet  designs  that  can  match  or  exceed  the  on-axis  Beld  of  PM  hybrids  are 
presented.  Linearity  and  superposition  of  fields  allows  construction  of  undulators  with 
minimized  field  error  and  optimized  performance  for  both  PEL  and  synchrotron  radiation 
applications.  Examples  and  performance  data  are  given. 


INTRODUCTION:  Pure  permanent  magnet  (PPM) 
undulators  have  been  eclipsed  in  recent  years  by 
permanent  magnet  (PM)  hybrid  designs  which 
offered  higher  peak  on-azis  fields  and  reduced 
sensitivity  to  variations  in  magnetic  characteristics 
of  PM  materials.  However,  the  application  of 
simulated  annealing  (SA)  to  minimize  the  effects  of 
magnet  errors  has  revived  interest  in  PPM 
undulator  technology. 


BACKGROUND:  The  Rocketdyne/Stanford  80  period, 
2m  long,  PPM  undulator  was  optimized  by  SA  for 
minimum  trajectory  error.  Trajectory  straightness 
equivalent  to  random  error  of  0.055%  was  achieved, 
despite  actual  field  errors  of  -1%.  Ill 


[•} -I  Rn  a  Vi  a :  I  ■  ii  tvi 


1.  Push  PPM  technology  to  match  PM  hybrids; 

2.  Apply  SA  to  optimize  PEL  performance  directly; 

3.  Build  a  High-Performance  PPM  Undulator. 


(Flockatdyna/Stanlord  Undulaior ) 


— 


•  Squar*  Bar  MagnaM 

•  4M>gnata/Paitod  (M.4) 

•  90*  Holalion/MaoM 
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•  FWdlaKntiOfUna 
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•  Which  factors  can  we  "push"  to 

increase  B,? 

•  What  is  the  practical  limit? 

23-156709  10 

No.  Bbeto/ Parted  M 

•  Incrsas*  Discrstization  from  4 
to  6  magnets/period. 

•  InoTMse  Packing  Factor  from 
80%  to -100%. 

•  Result  -  Increase  field  -  27% 


0  0  1  02  03  0-1  05  0  5  07  0  0  09  10 

NonmJizad  htoighi  Mlw 

e  Inaease  Magnet  Height 
from  0.2  X  „  to  0.72  X  „ 

e  Result  -  Increase  field  -38°/ 


•  6  Magnate  /  Parted 
teEachArray  (M-S) 

•  60*  Holalten  r  Magnat 

•  ONyZPotartzattenAngtea 

Haquirad:  0*  S  60* 

a  Packing  Factor  c-  1 

•  HaK-parted  Symmaliy 

•  Modular  Qaomatry 

e  Sultabte  ter  MuM-paramatar 
Optknlzaton 

e  FbWAcMaaadla  Sl« 
of  TkaoraUeal  UatS. 


0  35  0-10 

grx„ 


0  35  0-10 


Formulas  K.  HalDacn 


Roefcetdytw'e  High  Performance  PPM  Design 
Can  Mlatch  or  Exceed  Field  of  H^rid 
in  Many  Applications 
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II.  ii  Jdc 


•  Half-period  symmetry  &  modularity  lands  itself  to 
multi-Qarameter,  muiti-staga  optimization  by 
Simulated  Annealing  (SA). 

a  X  and  Y  trajectory  errors  can  be  largely  decoupled. 

•  Half-strength  and  modules  easily  realized 


f-vkTjiVT*  Mx»it^iiii'ir  in*  f  ji’ii :  1 1  itf 


•  Can  optimize  FEL  performance  directly.  [2],  [3] 

•  Can  minimiza  RMS  field  error  too,  if  desired. 

NOTE:  Minimizing  field  errors  alone  does  got  guarantee 
optimum,  or  even  satisfactory  performance!  [4] 

•  Can  also  optimize  performance  of  Synchrotron  Radiation 
Insertion  Devices. 


PREDICTED  DISTRIBUTION  OF  TRIPLET  KICKS 

RANDOM  SELECTION 


Stay#  1  (COMPLETED) 

•  Characterize  each  magnet  in  all  possible  orientations. 
(Map  vs.  z  as  seen  by  electron) 

•  Apply  SA  to  group  magnets  into  half-period  triplets  with 
(nearly)  equa  &  symmetric  field  profiles. 

Stage  2  (in  progress) 

•  Re-characterize  assembled  triplet  modules. 

(Accounts  for  triplet  assembly  errors.) 

•  A^y  SA  again  to  find  optimal  ordering  of  modules  for 
minimum  ptosa  and  trajectory  errors. 

Goal:  performance  equivalent  to  random  field  error  i  0.1%. 


/♦> 


-5-4-3-2-1012345 

SYMMETRIC  COMPONENT 
DEVIATION  (%) 


Stage  2  :  Evaluate  trajectory  A  Phase  errora. 

A  realistic  tr^actory  model  is  constructed  from  superposition  of 
field  data  of  individual  half-period  modules. 


T)fp«  -  PPM  Mnimum  Gap  -  0,76  cm 

SVuctura  -  6  Btocka  /  Peitod  peak  FMd  (max)  -  0.65  T 


Period  -  2.4  cm 
Number  Periode  •  82 
Length  -  2  m 
Taper  -  Linear,  Variable 
Magnet  Material  -  SmCo5 
Remanent  Held  -  0.97  T 


K^(max)  -  1.47 


Gap  •  0.967  cm 
Peak  Held  -  0.489  T 
K  -  1.096 


111  M.  Curtin  et.al..  "A  High  Quality  Permanent-Magnet  Wiggler  for  the  Rocketdyne/Stanford  Infrared  Free  Electron 
Laser",  Proc.  IX  Int  i.  Free  Electron  Laser  Conf.,  Nucl.  Inst.  Meth.  A272  (1988)  187-191. 

(21  A.  Bhovmik  et.al.,  "First  Operation  of  the  Rocketdyne/Stanford  Free  Electron  Laser",  Ibid.,  10-14. 

(31  R.  Cover  et.al.,  "FEL  Performance  with  Pure  Permanent  magnet  Undulators  Having  Optimal  Ordering",  this  Conf. 
I4l  B.  Bobbs  et  al.,  "In  Search  of  a  Meaningful  Field  Error  Spec  for  Wigglers",  Proc.  this  Conference. 

(51  W.D.  Cornelius  et  al.,  "The  Los  Alamos  High-brightness  Accelerator  FEL  (HIBAF)  Facility,"  Proc.  this  Conference. 
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Optical  Resonator  for  the  NIST-NRL  Free  Electron  Laser 


B.  Carol  Johnson,  Ronald  G.  Johnson,  David  L.  Mohr,  and  Marc  S.  Price 
National  Institute  of  Standards  and  Technology,  Center  for  Radiation  Research 

Gaithersburg,  Maryland  20899  USA 

A  9-m  linear  optical  cavity  will  be  used  in  the  NIST-NRL  FEL.  This  FEL,  which  is 
driven  by  a  racetrack  microtron,  is  designed  to  lase  from  0.2  to  10  ym.  The  resona¬ 
tor  must  accommodate  the  large  dynamic  range  in  wavelength,  low  gain,  high  aveiage 
power,  and  coherent  harmonic  emission  of  the  laser.  This  work  was  supported  by  the 
US  SDIO  through  ONR  Contract  No.  N00014-S7-F0066. 
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ft.07we(4) 

LangltudliMl  node 

apeelng,  Aw 

IS. 5277  MU 

1ft. 5277  MU 

Qotoning  length,  ft 

HenMlised  eJJffMme,  V^h 

•O.ftS  pn  to  -7.5  pn 

0.03  to  O.U 

0.13  to  O.ftS 

KIST'MU.  CAVTTT  TMUMmiS.  Two  CAvtty  georntrles  ere  required  for. 
this  ra..  The  first,  which  MJileltes  the  snell'tlgnel  power  gain  by 
using  Che  entire,  or  *full*lenfth*  undulator.  vlll  bo  uaod  for  OV, 
vtatbla.  and  neer-II  wavelongtha.  Iho  rocond.  which  elnlalsas  tha 
diffraction  loeeoe  by  halvlAg  tha  length  of  the  narrcw'bere  undulator. 
will  be  used  for  eld*  and  far-lnfrarad  wavelengths.  Ths  elrrer  sepera* 
tlon  renetne  the  aaae,  but  the  location  of  the  Intracavlcy  waist  snl 
tho  Isylotfh  length  of  tho  cavity  node  changes.  Those  cavity 
paramtors  were  ealculatad  taider  the  easwptlen  that  free- space  cavity 
•odes  are  adequate,  k  schemtle  of  the  two  systene  Is  shown  below. 


To  Dectron 
Bean 
collector 


1  1  1  1  1  1  ri 

T 

r~fT~ 

le 

0.84  i 

rrn 

K  i 

r  r-|  i‘ 

tr 

1.4  ) 

n  , 

Q22 

ACCELERATOR 
T>1cV  <  105 

Ml 

““i  nfS^ 

^11 

,  1 — i 

D16 

D17*^ 

m" 

Cl 

,  h  ^ — L- »-- * 

'  Die 

SCHDWTIC  of  cha  OmCAL  CAVITV  u<d  EUCCTIiaN  lEAll 
TVAMSPOKT.  The  locations  of  the  cavity  eirrors 
(green)  and  the  electron  boaa  transport  aagnots 
(blue)  aro  shewn.  Cavity  paramtors  for  the  full 
length  undulator  (violet)  and  these  for  tho  half 
length  tatdulator  (rod)  aro  also  sho%m.  Outceupllng 
will  be  either  by  a  partially  transelttlng  airror 
coating,  or  by  intracavity  trowster  platao. 
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AUQfOMT  SCMSinvXTY  «nd  OIFTRACTION  LOSSES 

FASSIVI  CAVITY  (no  oloctrona  or  undulator  flold) 

Tho  optical  axis  of  cavltjr  contains  tho  centors  of 
euroatura  of  ■pharlcal  and  alrrors.  Saall  tranavora* 
dlaylaeaoanta  or  retatJona  of  tha  atrrora  vll!  rotata 
tl'a  optical  axia  vlth  raapact  to  tha  daslrad 
■oehanlcal  axla, 

gl-l-VKl. 


If  aoall  Intracavltj  aparturaa  ar«  prasent,  (l.a.. 
wlgglar  vacwa  chaobar),  diffraction  losaaa  Incraaaa. 
alnca  tha  parturbad  cavltjr  ooda  will  ba  cantorad  on 
tho  now  optical  axla.  Cavltlat  with  wall-aaparated 
cantata  of  curvatura  ara  aanattlva  to  allunoant 

arrora.  Alao.  if  tha  alectron  beao  la  aoall.  aljtnlf 
leant  loaa  in  Eal*^  will  rosult  froo  olaallgnoent. 

KXAHTU:  Half*Length  Undulator  at  1  -  10  (to.  Ona 
dioanalonal  olrror  tilt  of  90  xtad  will  Incraaaa  tha 
diffraction  loaa  by  a  factor  of  3.<. 


COnaDtCIALLY-AVAILASLE  HTUlOflS  far  KI ST- NRL  ftL 
450  na  to  A50  no 

Nultl'lajor  Dlaloccrfc  on  fUaod  Silica 
Randwldth:  ±  SO  no 
Kaflactlwltp:  0.9999 
Abaorptlon;  10>20  ppo 


•  Obaarvod  to  ba  nagllglblo  at  250  kli/cm?  for 
cw  dja  laaara;  wa  axpact  <  50  kw/co^.  avoraga 

•  Caleulatod  dlatertlen  In  ataadj  atata  ualng 
flnito  alaoant  analpalo  oathed  (aaa  balow) 

nitlf  rrlf. 

•  Daaaga  thraabold  la  30  J/cm^  In  1  a* 

•  Ha  axpact  0.25  J/co2  in  l  |ia 

ga  from  tUrmonlea 

«  Froo  axparianea  at  othar  ra.a,  wa  aapact 
abaorptlon  to  Incraaaa 

•  Ha  ara  calculating  Karaenlc  radiation  (aaa 
Tang  and  Sprangla  1999) 

•  fiaacon  Raaaareh  In  Phaoa  I  of  UV>lnducad 
daaaga  atudjr  for  aultl'lajrar  dlalaetrlca  that 
ara  daafgnad  for  240  na.  Tha  plannad  work  would 
eoaplaaant  tha  attadlaa  In  tha  vlalbla  (aaa 
Daacon,  Eakahl.  and  Cacara  1989). 

<  FtL  oparatfng  paraaacara  auat  ba  adjuatad  ao 
that  tha  haraoAte  contant  la  alnlaitcd 


OUITVT  FOUa 

Tha  total  round'trlp  powar  loaata,  auat  ba  such 

that  tha  laxlng  thraahold  la  raachad; 

RlRaa-l  -  r2  >  l/(I*Cp). 

whara  R|  la  tha  alrror  raf lactivltp,  S  raprasanta 
Intracawltf  loaaaa.  and  Cp  la  tha  saall-algnal  powar 
gain.  If  tha  eactllator  aaturataa  axtractlng  tha 
aaxlaw  powar  froa  tha  alactron  baaa  during  tha 
Intaractlon.  than  tlta  averaga  Intracavltjr  powar  ia 

r.  - 

whara  ir>l/2N.  N  la  tha  mnd>ar  of  parloda.  and  P«  la 
tha  alactron  baaa  powar  (Pa  !•  aqual  to  tho  avaraga 
currant  In  A  tlaaa  tha  baaa  anargp  In  aV).  Tha 
valua  for  P#  la  found  froa  R2«l/(l4Cp). 
Plnailjr,  tho  output  power  lx 

to  -  gP.(Tl»«lT2)/(lR!). 

whara  Tf  la  tha  alrror  tranaaiaalon.  In  tho  caaa 
whoro  tranxaiaolen  dealnataa  tho  round*trip  loaaaa, 
than  Ftrnfm-  for  tho  NIST'XTN.  Pc>100  fcH  at  full 
anargj,  ao  Po  <  915(192)  U  for  N-130((5). 

EXAMPU;  A-432.8  na.  R-1.41.  T>107  NeV,  <l>-0.55  aA. 
Cp-0.2.  f-0.  TI-T2-0.05,  R1-R2-0.9S.  than  P.-2.1  Ul 
and  Ps-lSl  H. 


STEADY  STATE  THERMAL  ANALYSIS 


Crllfidrleal,  Plana  Mirror  on  Xnflnlta  Naat  S  nu 
Expeaod  to  Cauaolan  t^oor  8oaa 


BOONOARY  CQtCiXnOMS 

1)  Conotont  potantlal,  bottoa:  at  x-Q; 

2)  Conatant  fUld,  odga:  a  0; 

3)  Cguului  fl«U.  top:  «  Jj|t-  ttpC^) 

4)  Notion  at  x-0  la  conatralnod  In  t,  f.  and  t; 

9)  Notion  ot  iN-0  la  conatralnod  In  r  and  I. 

HATEUAL  AK)  PHYSICAL  CONSTANTS 
Mirror  rodluo,  o  *  25.4  ao.  thlcknaaa,  t  «■  9.525  aa; 
Aboorbod  powar,  P  •  lOO  aU  (1  kH  Intrscowltp  powar  8 
loo  ppa  coating  abaorptlon); 

Nodo  alia  on  alrror,  w  -  1.C24  w; 

Puaod  alllca  oubatrato: 

m  •*  1.38  H/a'dagraa  and  o  •  5.5-10'^  par  dagraa 
B  -  7.031010  nt/a2  and  a  -  0.17 

NETHOO 

Pinlto  alaaant  analjala,  ualng  tha  coda  ANSYS  (Swan- 
aon  Anolfala  Syataaa)  vlth  10  alaaanta  In  s.  5  Tn  r. 
and  12  In  I.  Nonwlfom  apaelng  in  r  ond  t  vaa 
raqulrod. 


PREUHINARY  RESULTS 

1)  Agra  oaont  with  analytical  fomulstlon  of 
Hobb,  Uloaon,  and  A^araan  (1988); 

3)  Taaparatura  riaa  of  18.5  dagraaa 

3)  DaforaaClen  In  i  at  r-0,  s>t  la  18.5  no 

4)  Oafaraotlen  In  r  at  r»a.  x-t  la  1.7  nn 

PVrVRS  WORK 

Radlatlwa  cooling;  raollatte  oachanlcol  boundary 
condltlono;  parturbatlon  traatoent  of  cavity  nodao; 
tloo  dapandonco;  alaatlelty  affacta;  atraaa  analyala 


T emp e r 0 t u f e  ond  Deformotion  Mirror 


TEMPERATURE  and  DVOKMATION  of  KIRRaR.  Tha  daahod  llnaa  ara  tha 
flntca  alanant  analyala  solution  for  tha  tanporatura  and  dafomatlen 
prefllaa  on  tha  olrror  aurfaca.  Tha  analytical  aolutlona  of  Hebb, 
Ulaoan  and  Andaraon  (1988)  ara  tha  aolld  llnaa.  Tha  taoparatura 
prefllaa  ara  In  good  agraooant.  Tha  agraaoont  in  tha  dafomatlen 
profllao  la  olae  roaaenobla,  alnco  tha  analytical  aolutlona  do  not 
account  for  aubatroto  alaatlelty. 
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J.I.  Webb,  C.E.  Wieman,  and  D.Z.  Anderson,  "New  Mirror  Absorption  Measurement 
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P2.1 7  APPLICATIONS  OF  HARMONIC  GENERATION  OF  PICOSECOND 

PULSES  FROM  A  FREE  ELECTRON  LASER 

Brett  A.  Hooper'<.2),  Stephen  V.  Benson2),  Richard  C.  Straight ■>)  and  John  M.J. 

Madey2) 

1 )  Utah  Laser  Institute,  Department  of  Veterans  Affairs  and  the  University  of  Utah 
Medical  Centers.  Salt  Lake  City,  Utah  84132 
2)  Department  of  Physics,  Duke  University 
Durham,  North  Carolina  27706 


Using  non-linear  crystals  we  have  produced  harmonics  of  the  Mark  III  Infrared  Free 
Electron  Laser  from  495  nm  to  2.1  pm.  Optimization  of  energy  conversion  efficiency 
as  a  function  of  group  velocity  walkoff,  birefringent  walkoff,  finite  linewidth  and  length 
will  be  discussed.  Preliminary  results  on  an  optimized  coated  crystal  system  wil  be 

presented  and  compared  to  theory. 


abstract 

The  Mark  Ill  Infrared  Free  Eiecat>n  La&er  naa  been  usee  as 
a  research  tool  by  Luh  Laser  Insuruie  and  ocner  invesugaton 
since  Sepiemoer  1986.  The  Mart  U1  IR  FEL  uses  a  Radio 
Frequency  Linear  Acceleraior  (RF  Liruci  to  proouce  a  26-^ 
MeV  electron  beam.  This  allows  operation  of  the  laser  in  the 
spectral  region  2  to  8  um. 

'Hie  second  and  fourth  harmonic  wavelengths  have  been 
generated  using  non>linear  crvsuls.  The  second  harmonic  nas 
been  generated  from  0  99  um  to  1.2^  um  using  lithium  mooate 
and  U8  um  to  1.64  um  and  1.80  um  to  2.1  um  using  silver 
gallium  selenide  The  fourth  harmonic  has  been  generated  from 
49S  nm  to  620  nm  using  a  cascaded  crystal  system  of  lithium 
ntobaie  and  beta-oanum  boraie. 

Opumtzation  of  energy  conversion  efficiency  as  a  funcuon 
of  group  velociry  walkoff.  birefnngent  walkoff.  finite  linewidth 
and  length  will  be  discussed,  f^iimmary  results  on  an 
optimized  coated  crystal  system  will  be  presented  and  compared 
with  theory.  Conversion  efficiencies  of  1%  and  22%  were 
measured  for  the  respecQve  crystals.  Poor  conversion 
efficienaes  on  this  first  test  may  have  been  due  to  a  poor  Strehl 
rauo. 


Work  suppioned  bv  SDIO/OhJR  MFEL  contracts  ;  .N00014- 
86K-0823,  N00014-86K-025&  and  N00014-86K-0710 
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Pna»«maicning  Angw 


FREQUENCY  DOUBLING  RESULTS  USING  THE 
MARK  III  IR  PEL 


SECOND  HARMONIC  GENERATION  0.5-5  ym 


Mav«l«nglh  iim 


CRYSTAL  AgG8SB2  liNbOT  0  BaB2b4 

_ (1&2) _ 

diMeMSjbijS"“(cm)  Hician^iar  Cyilrntricil  Reclangular 

_ long _ .5«.5«.8 

PHASEMATCHiNG  irSO 

ANGLE  (degreesj _ ?!  52  5 _ 45_ _ 22 _ 


FUNDAMENTAL  1)  3.15  3  27 

WAVELENGTH  (iim)  2)  3.78-4.2  1.98  2.48 _ .99-1. 2A _ 

SECOND  HARMONIC  1)  1.58-164 

VYAVEUNGIII  ji;'”! _ 2)  1.9  2.1  _ .99-1.24  .495-.630' 

ENERGY -CONVERSION  iy*  17-41% 

EFFICIENCY _  2)  7-10% _ 10-50% _ 1-10% _ 


TEMPORAL 

1)  -2  28 

WALKOFF  (psec/cm)  2)  -0.77 

-0.072 

2.7 

BIREFRIHGENT 
WALKOFF  (degreesj 

1)  0 

2)  0  64 

>.93 

2  9 

COATING 

1)  AR  coalod 

2)  uncoaled 

AR  coated 

uncoaled 

CO.NN  ERSION  EFFICIENCY  vs. 
FOCUSSING 


*  Note  Ihe  second  harmonic  wavelength  lor  8-  Barium  Bocale  Is 
lire  lourih  harmonic  ol  Ihe  FEL.  Quadrupling  Ihe  FEL  Irom  1.98- 
2  48  |im  down  to  0.495  0  530  pm  using  LINbOg  end  0  BaBjOe. 

FOCUSSING  PARAMETERS,  4  &  B, 
and  our  WEAK  FOCUSSING 
CONSTRAINT 


i 


The  function  PniIB.L)  for  ootimum  phase  matching 
as  a  function  of  focussing  parameter  ^  =  l/b  for 
several  values  of  doubie-refractioo  parameter 
B  V  p  (lki)/2.  Ver-tical  lines  indicate  optimum 
focussing  in  the  limiu  of  small  and  large  6. 


W*  arg  con8train*<}  lo  tna  WaaK  Focwaamg  Umii  (  ^  ^  .  ragion  m 

RED.  m  uw  a»ova  prapn)  dua  to  optical  oamaga  tram  tna  ^■9n 
fiuanca  puiaaa  pt  ina  Mara  ill  FEL  Thia  anowa  mat  wa  ara  in  tna 
ragion  wnara  w«  ara  not  naavoy  oapandani  on  tna  vatua  et  B.  Uta 
dcuPia  ratraciion  paramaiar. 


CRYSTAL 

AgGaSaS 

ri42i 

LINbOO 

B-BaB204 

FUNOAMEMTAL 

tj  3.T$'J.2r 

waVELENGTM  luml 

T-  3.74-4.2 

t  .9S-2  4S 

0.99-1 .24 

LENGTH  OF 

1)  2.1 

0.2 

0.1 

CRYSTAL  (cm) 

2)  2J 

1 

1 

3 

RAYLEIGH  tern) 

1)  8J 

2.5 

4.1 

RANGE 

1)  200 

0.6 

2)  227 

2.1 

5.3 

0.13 

0.04 

0.091 

0.005 

0.1 

0.005 

0.15 

0.15 

ROYMTJNG  VECTOR 

0 

1.59 

2.54 

WALKOFF  (DEGREES) 

0 

1 .59 

0.54 

1.59 

1  .93 

B 

0 

1.29 

7.03  0 

2.BS 

t.7t 

2. St 

7.57 

ENERGY 

1)  41*l». 

5% 

SHG  22% 

CONVERSION 

1)  20% 

5% 

FHC  10% 

EFFICIENCY 

2)  10% 

10% 

50% 
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PHASE  VELOCITY  MISMATCH 


PHASE  VELOCITY  MISMATCH  FOR  SECOND 
HARMONIC  GENERATION 


The  growth  of  the  second  harmonic  amplitude  (or 
varring  degrees  of  phase  velocitr  mismatch 

where  As  and  I,  the  characteristic  length, 
are  defined  in  J.  Armstrong,  N.  Bioembergen.  J. 
Ducuing  and  P.  Pershan,  Pbes.  Rev.,  Vol.127, 
N0.6.P.  1918(\962) 

APPLICATIONS  OF  HARMONIC 
GENERATION  ON  THE 
MARK  III  IR  FEL 

PHOTOCHEMISTRY  •  PHOTODYNAMIC  ACTION 

TunMte  visAW  i^n;  (0  49S-0  &30  v/nt  wavetengmi  wef*  ootamea  trafn 
me  f  El  Or  namofuc  gonofauon  we  siwOim  tne  tnea  o)  wwweteftgin  anc 
Dutse  stfucaire  on  tne  one-onoion  eicaauon  oi  oomnynnt  (Pnotoinn  ui  ano 
ztfw  pnenatoeyarune  suflonaie  to  onotoeenaeae  tne  ouoabon  of  hctiioew  et 
pnospnaia  outfer  (1 )  This  OAOtosensouea  oi«aMn  reacuon  occurs  wnen  tne 
pnotoeensiuzer  4  exeneo  tnmugn  a  anon  iwec  inanoaeeendi  amgtet  exoted 
state  tnat  urMerpoes  an  <mersyatem  croaaetp  to  a  long  evee  inucroaeeonci 
exoted  tnoiei  suie  The  tnexet  state  of  tne  orKMoaenaeaer  rapoy  raaoa  wnn 
moMcutar  oxypen  and  oy  enerpy  transfer  forma  ainpHit  axypwf  Tne  «npwt 
oxypen  effoenuy  oxrtaea  naucHne  Hnkoszote  nuoeusi  and  otner  oexogcai 
mofouiea  (2].  Trua  pnotoaenaiuaea  onoatert  a  inougni  to  oe  one  of  tne 
(tiwortant  oetmvayi  (nvor»ad  m  arnttav  taaer  pnoiocntfnanmmpr  of  cafKm 
Tne  ertcancy  of  puaea  laaers  tor  one>onoton  or  nwcHinoton  exenation  of 
porortynns  and  pmnaiocvanwea  ruu  not  oeen  w«u  stuoeo  Tha  type  of 
exotaMn  of  pipment  and  oye  pnotoaenamten  anoutd  oe  ooaauam  witn  tne 
PEL  out  we  rtave  rtot  yet  stuoad  rt.  Tne  lunaoa  if^  PcL  wo  oe  reouead  for  a 
waveanptn  study 

The  vewnmarv  reauns  (TaOie  i )  mocaie  mat  natdne  was  rmoary 
pratooxatzea  with  ootn  ortotoaenanaers  wnen  exened  oy  outaed  PEL  iignt  ai 
one>or>oton  apaorobon  oanoi  Necfner  onoioaenanaer  was  stpryfeaney 
oesroved  or  pnotooaacneo  ourtftp  tne  10  mmwte  exposure  to  tne  PEL  v^t  at 
tne  tfnertsitas  snown  Tapa  f  corrwet  tne  aeraiazeo  onoiodxaatna 
oestrueoon  of  naudea  for  two  pnotosensittzers  activated  wan  tne  PEl  as  a 
tunoion  Of  waveanptn  and  sradianee  Tra  drftererae  oemean  me  uwraot 
hatidira  (2.00  umoaai  and  tne  amount  oi  remanng  nawete  retteen  tne 
effoertcy  of  PEL  pnotooxcation  sno«m  in  Taoa  t  The  rate  of  habome 
pnotooxNSabon  wrin  the  PEL  a  axnxer  to  tne  rate  found  wan  cenenwoua  wave 
turtpsicn  iipnt  pnotooxauuon. 


Taoa  1.  Pnoiodynamic  Action.  Mark  til  Free-eieeiron  ueaer 
pnoioaenaitued  eaioation  of  histidine  witn  Phoiotnn  II  (PP  H) 
porpftynna  end  xme  pntnuocvanine  autienete 


SAMPLE 

IRRADIANCE 

(nmxmWfcniSi 

TIME 

(mml 

HISTIDINE 

(umoieai 

Butter,  pnoepnate  (O.i 

M.  pH  7.i) 

0.07 

Histidine 

S32 

42 

1  0 

1.t« 

PF  II  /  Hitudine 

532 

42 

1  0 

0.20 

PF  11  /  Hiatidirte 

$77 

21 

1  0 

1.10 

PF  it  f  Ht$udtm 

•  30 

10.3 

1  0 

1.10 

ZnPeS  1  Hiattdira 

•  30 

10.3 

1  0 

0.71 

(1]  S.  Benson,  j  Maoey.  R.  Snipnt  and  B  r«aooer.  journal  of  Laser 
ApoecBiions.  m  preu 

12)  R  C  Svaipni  and  J.O  Sowaa.  Smpiei  Oxygen  Rotymen  ano  BamoiacMaa. 
VOL4.  A-A.  Prener.  aa.  CRC  Press,  me..  Boca  Rann  Pi .  p  9i*i43.  tPIS 


EXCITATION  SPECTROSCOPY  OP  a-Sl:H 
The  Mant  iff  1R  PEL  naa  oeen  used  to  measure  tne  fni 
pnoioiurnmeacartee  excnanon  aoecirum  wen  o«wn»  tne  ooueai  eoeorotton 
eope  m  a  mevram  amorpnoua  semconouctor  |3t  Tna  memod  snomd  oe 
uaaiui  for  proemg  oeatw-pap  aosoanion  meenanisma  mat  oonmouie  lo 
prtoioiumineteanee  (PL)  m  a  waM  oats  ot  amorpnoua  aetTHoonouesng  Mma 
An  a  um  maa  samoa  of  o-Sch  (nyoroportateo  amorpnoua  fbeont  was 
uead  m  orper  to  mcrease  me  aosorpixm  oi  kgnt  at  erterpat  was  oeim»  me 
aoeorpeen  eope.  Tne  RLE  (Rnctoiurrwatcanca  excnationi  naastaemeno. 
wnen  covered  me  range  from  t  0  a  1 22  um  (i  .Ot  a  t.24  eV).  were 
perlormeo  uamg  ■  wnium  mooaie  oystai  to  peramte  seoorto  narttanca  For 
me  freouenev-oeuoae  iipm  me  oesK  powers  m  me  mcreoutaaa  rartgeo  trom 
-20  a  *250  KW  and  tne  averape  power  m  tne  meooeuiaes  nmped  from  H)2 
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wavelenpih  and  the  phase  velocay  mlatnaleh  is  ^veit  by  At. 
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Thas,  an  lha  rasulla  lot  lh»  opilmiztd  coaled  cryslal  sysla/n 
wllh  lllhlum  nlobala  at  lha  IfrsI  tiaga  In  lha  cascaded  ayslem  for 
quadrupling  lha  Mark  III  IR  FEL.  Tha  poor  convaraion  alllclency  was 
likely  due  lo  a  poor  Sirahl  ratio  lhal  was  measured  al  less  lhan  0.2 
righi  aller  lha  harmonic  genarallon  esparlmenls.  A  Sirahl  ratio  ol  0.2 
means  that  lha  Inpul  aleclilc  Held  Is  smaller  hy  a  laclor  ol  V2 
Ihetelora  I  and  As  are  larger  hy  lha  tama  laclor  ol  V2. 
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W'ZkW  uwiQlniftrynwnpuK  ooww  owneiMW  vwo~54Hianvwal -1 
MWrcm2  were  penerated  Tneae  nipn  powers  were  rfecessary  pecaose  me 
SMoipbort  m  me  mm  turn  «  very  aw  iao«t0-2  wrkere  a  a  me  apaorptfirr 
coefhoeni  and  d  «  me  samote  mi^nessi  at  mete  waveanpma  and  me  Ri 
efttoertev  a  orooapiv  aiso  ow  (n<o  1 1  ai  me  measurement  lertweraiurt 
(T- 1 00  K)  Hence  tneae  exconmems  take  aovaniape  oi  tne  turtaoaiy  ano  >upn 
power  of  me  Mani  iii  PEL 

The  measured  RLE  loeanfm  m  o-Si.H  exnttm  an  exportemai  taeoif 
oetow-i  .iSeV  Tha  RLE  loecvum  a  oonaaiem  wim  exaang  mooea  tor  me 
RL  proceas  mat  aitnoute  ma  raoianve  recornomauon  to  varaaiora  oetwean 
etearprti  m  me  conouaion  oano  tan  states  ano  me  swoon  oar^ievdWM 
oetocta. 


[3)  J.  Raiem.  B.  Moooer.  R.C.  Tev«r.  Joumat  of  me  Ootcai  Sooefy  of  Ananca 
Be.  tppp.  p.  1009 


Y 


141 


P2.19 


DIRECT  SPECTRAL  MEASUREMENTS  OF  THE  UCSB  FEL 
G.  Ramtan  and  J.  Hu 

Qutntum  Univtwty  of  CaMsriKa^ 

Santa  Btrhtr*.  CA  93106 

S.  G.  Evan|alidaa*,  T.  S.  Chu,  6.  G.  Danly,  R.  J.  TamUn,  and  T.G.  SoUnar 

Ptaama  Pinion  Ctnter.  MtutchiuotU  /natitute  of  Todinohty^ 
ambfkff.  AIA  02139 

Oiract  fraqucncy-ipactrum  mtaturtmanU  of  tka  FEL,  in  oparation  at  tka  Univanity  ef 
California  at  Santa  Barbara  (UCSB),  hava  batn  mada  uaing  a  aurfaca  acoustic  wava  (SAW) 
apactromatar  davalopad  at  MIT.  A  hatarodync  convartar,  uaing  a  CW  molacular  laaar  aa  local 
oaallator,  down-convcrtcd  tka  FEL'a  1.8  THz  fraquancy  to  an  IF  fraquancy  of  1  GHz  to  matck 
tka  SAW  davica  bandpaaa.  Tkia  ayatam  kad  10  MHz  raaolution  evar  a  500  MHz  bandwidth 
with  a  100  na  aampla  witrdew. 

Tka  naad  for  a  SAW  apactromatar  ariaaa  bacauaa  tka  UCSB  FEL  ia  a  rapatitivaly  pi'  ad 
davica  charactarizad  by  both  a  ain(lc-pultc  linawidth  and  a  widar  avarafa  linawidth.  ‘This  is 
dua  to  both  imparfact  pulaa-to-pulsa  refutation  of  tka  alactroatatic-aeealaraton  tarminal  veltaf a 
and  inharantly  stochastic  startup  of  the  FEL  itadf.  Each  pulsa  ends  up  aritk  a  skfhtly  dHlarant 
fraquancy.  Further,  during  a  pulse,  a  monotonically  dacraaaing  baam  anargy,  charactariatic 
of  tka  alactroatatic  accelerator,  limits  the  time  of  aingla  fraquancy  lasing  to  batwaan  1  'and  3 
>ta.  Convantional  RF  apectrometera  cannot  take  a  complete  apactrum  within  that  tima  and 
tka  fraqu^^'y  ahifta  prohibit  the  us:  of  umpling  tachniquaa.  On  tka  othar  hand,  tka  FEL 
oparataa  at  iwivalangtht  too  long  for  optical  tackniquas.  A  grating  apactromatar  aritk  aufliciant 
rasolution  arouM  be  prohibitively  large. 

The  UCSB  FEL  uses  a  waveguide  Fabry-Perot  type  resonator  of  7.14  m  langth.  This  rasulu 
in  a  longitudinal  mode  spacing  {e/2L)  ef  21  MHz.  While  the  SAW  apactromatar  resolution 
(10  MHz)  was  inaufRciant  to  meuurt  the  linawidth  ef  a  single  mode,  it  could  easily  distinguish 
batwaan  lasing  on  a  tingle  and  lasing  on  multiple  modes.  During  the  anparimant,  a  large 
number  of  spectra  were  taken.  A  atatiatical  analysis  of  thata  spectra  is  prasentad. 


^  Research  tpontorad  under  ONR/URI  contract  N00014-86'K-0892  and 
SDI-MFEL  contract  N00014-86-K-0110 
^  Rat*  ‘  k  aponaorad  under  OOE  contract  DE-AC03-88SF164M 
*  Presently  at  ATliT  Ball  Laboratories,  Holmdel,  NJ  07783 
Introduction 


In  a  collaborative  effort  between  the  MIT  and  UCSB  FEL 
groups,  a  teal-tinae  spectral  analysis  of  the  UCSB  FEL  has 
been  performed.  In  recent  theoretical  work.‘'^  ruid  past  exper¬ 
imental  work,^'*  the  mode  spectrum  has  been  studied.  In  past 
experimental  work,  the  FEL  radiation  amplitude  as  a  function 
of  time  was  sampled  with  a  fast  detector,  then  this  data  was 
Fourier  analyzed  to  obtain  calculated  spectral  linewidths.  Re¬ 
cent  theoretical  work  by  Antonsen  and  Levush*'^  has  suggested 
that  FEL  oscillators  may  produce  a  radiation  field  which  has 
many  spectral  components  for  practical  pulse  durations  but 
for  which  the  amplitude  is  only  weakly  modulated.  In  this  the¬ 
ory.  a  phase  locking  of  neighboring  resonator  modes  within  the 
gain  bandwidth  is  responsible  for  the  greatly  reduced  ampli¬ 
tude  modulations. 

Here  we  report  this  first  direct  real-time  spectral  antdysis 
of  the  UCSB  FEL.  This  experimental  work  was  carried  out  dur¬ 
ing  October  1988  and  March  1989  Both  homodv-ne  (Oct.  88) 
and  heterodyne  (March  89)  receiver  systems  were  employed. 
Results  of  this  work  are  presented  in  this  paper. 


MIT  SAW  Sp«ctzx>iiMt«r 
Syatmn 

e  FEL  radiation  at  1.8  THs  mixed  with  local  oscillator  (LO) 
signal  (~1.8  THz)  from  FIR  gas  laser  in  Sdtottky  diode  to 
produce  intermediate  frequency  (IF)  centered  at  1  GHz. 

•  If  signal  gated  with  100  ns  gate  to  produce  IF  pulse  of 
appropriate  length  for  SAW  filter.  Gate  can  occur  at  dif¬ 
ferent  times  during  FEL  pulse  to  sample  qrectnim  at  dif¬ 
ferent  times. 

e  Gated  IF  signal  ia  dispersed  in  a  surface  acoustic  wave 
(SAW)  filter  with  dispersion  of  1  ijm/50  MHz  and  500  MHz 
bandsddth.  SAW  transmission  vs.  frequency  (see  below) 
is  unfolded  from  digitized  spectra  off  line. 
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Heterodyne  Reatilts 
(March,  1989) 

•  Heterod>Tie  receiver  operation  obtained  with  ~10  mW  CW 
1.8  THz  gas  laser  used  as  local  oscillator  (LO). 

•  Pressure  broadened  gain  baindwidth  of  LO  laser  was  much 
less  than  free  spectral  rtuige  of  laser  cavity  resulting  in 
monochromatic  LO. 

•  Observed  and  recorded  90  spectra.  Spectra  obtained  exci¬ 
tation  of  as  few  as  one  and  as  many  as  10  PEL  longitudinal 
cavity  modes  within  the  SAW  filter  bandwidth. 

•  Mode  spectra  show  characteristic  20  MHz  spacing  of  PEL 
cavity  modes. 

•  Density  of  longitudinal  modes  excited  within  SAW  band¬ 
width  exhibited  no  correlation  with  temporal  location  of 
100  ns  SAW  gate  within  PEL  pulse. 

•  Samples  of  heterodyne,  real-time  spectra  and  histogram  of 
mode  density  shown  below.  Complete  catalog  of  spectra 
is  appended  to  this  paper. 

Conclusions 

•  A  real-time  spectral  analysis  of  the  UCSB  PEL  has  been 
earned  out  using  an  MIT  1.8  THz  heterodyne  receiver  sys¬ 
tem. 

•  Both  horaodyne  and  heterodyne  receiver  spectral  data  show 
excitation  of  multiple  modes  within  the  PEL  cavity,  and 
that  such  spectra  are  consistent  with  a  field  amplitude 
temporal  structure  which  has  only  minor  amplitude  mod¬ 
ulation. 


c«  C0(  10  9<3C 
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TECHNOLOGICAL  REQUIREMENTS  FOR  A  CONTINUOUS 
P2.20  ELECTRON  LASER 

D.J.  Larson 

Center  for  Research  in  Electro  Optics  and  Lasers 
12424  Research  Parkway,  Orlando,  FL  32826 


ABSTRACT  --  Recent  progress  in  electron  cooler  technology  has  resulted  in  the 
operation  of  a  2  MeV  0.1  Ampere  DC  recirculating  electron  beam  system.  A  similar 
system  could  be  used  to  drive  a  continuous  wave  free  electron  laser  (CW  FEL).  TTie 
requirements  and  feasibility  of  a  CW  FEL  are  discussed. 


Figure  1.  Diagram  of  the  NEC  electron  cooler 
prototype  that  achieved  0.1  ampere  DC  currents  of  2 
MeV  electron  beams.  1)  Accelerator  Tank;  2)  High 
Voltage  Terminal;  3)  Heat  Exchangers;  4)  Gun  and 
Collector  Electronics;  5)  10  KVA  Generator;  6) 
Capacitive  Pick  Off;  7)  Generating  Volt  Meters;  8)  Ion 
Pump;  9)  Electronics;  10)  Electron  Gun;  11)  Steerers; 
12)  Acceleration  Tube;  13)  200  W  Generators;  14) 
Collector;  15)  1  KVA  Generator;  16)  Deceleration 
Tube;  17)  Insulating  Rotating  Shaft;  18)  Solenoids;  19) 
Motor;  2®)  Steerer;  21)  Ion  Pump;  22)  Faraday  Cup; 
23)  Quadrupole;  24)  Ion  Pump;  25)  Beam  Profile 
Monitor;  26)  Dipoles;  27)  Quadrupole;  28)  Insulating 
Coupler. 


0  2  4  6  8  10 
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Figure  2.  Calculated  electron  beam  radius  as  a  function 
of  distance  for  the  NEC  electron  cooler  prototype. 


DISTANCE  (U) 

Figure  3.  Calculated  electron  beam  radius  as  a  function 
of  distance  for  the  final  beamline  sections  of  a  CW 
FEL.  Beam  radius  is  calculated  for  three  values  of 
emittance,  thermal  (normalized  emittance  en  equal  to 
10  p  mm-mr),  ten  times  thermal  (en  =  lOOp  mm-mr), 
and  twenty  times  thermal  (en  =  200p  mm-mr). 
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Rgure  4.  Calculated  electron  beam  radius  as  a  function 
of  distance  for  the  final  beamline  sections  of  a  CW  FEL 
(en  =  lOOOp  mm-mr).  Solenoidal  focusing  is  used 
every  1  MV  within  the  deceleration  tube. 


Figure  6.  Diagram  of  the  NEC  magnetized  collector: 
1)  Ceramic  Housing;  2)  Entrance  Aperture;  3)  Focus 
Electrode;  4)  Pierce  Geometry  Electrode;  5) 
Solenoidal  Coil;  6)  Collection  Cone;  7)  Cooling  Water 
Inlet;  8)  Vacuum  Port. 


DISTANCE  (M) 

Figure  5.  Calculated  electron  beam  radius  as  a  function 
of  distance  for  the  final  beamline  sections  of  a  CW 
FEL.  Beam  radius  is  calculated  for  three  values  of 
emittance,  thermal  (en  =  10  p  mm-mr) 

and  twenty  times  thermal 
(en  =  200p  mm-mr),  with  energy  loss  in  the  FEL 
assumed  to  be  0, 50  KeV,  and  100  KeV. 


Figure  7.  Diagram  of  the  NEC  nonmagnetized 
collector:  1)  Ceramic  Housing;  2)  Entrance  Aperture; 
3)  Focus  Electrode;  4)  Pierce  Geometry  Electrode;  6) 
Collection  Cone;  7)  Cooling  Water  Inlet;  8)  Vacuum 
Port. 
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A  Micro-Fabrication  Compatible  Wiggler  Design  Scalable  to  Sub-Mllllmeter  Periods* 

Robarl  H.  Jackaon  and  Hana  Bluamt 
Coda  6842 

Naval  Raaaarch  Laboratory 
Waahington,  DC  20375-5000 

A  linaar  wigglar  daaign  haa  baan  davalopad  which  la  compatibla  with  micro-fabrication  tachniquaa  and  la  oapabla  of  produoino 
unHomv  multi-kllogaijaa  flalda  at  milllmalar  and  aub-milUmatar  parloda.  H  haa  Impllcationa  for  low  voltaga  Infiarad  fraa  al^ion  laaa 


Fraa-Elactron  Laaara  to-data  hava  raquirad  high  alactron 
Mnallc  anargy  In  ordar  to  ganarata  high  fraquanclaa.  Thia 
raaulta  in  faltiy  larga  ayatama  with  haavy  radiation 
ahMding  raquiramanta. 


Small  pariod  wigglara  ( X«  £  10mm )  can  lowartha  voltaga 
raquiramanta  for  oparatlon  at  a  givan  fraquancy,  but  othar 
aapacla  of  tha  PEL  muat  ba  adjuatad. 


SCHEMATIC  OF  REDUCED  EDGE  EFFECTS  LINEAR 
(REEL)  WIGGLER 


iMAir 


Advantagaa 


votaa*  lUducasn  >  Viu 
amiHar  ToM  ayvl—  sm 


Loww  WwMdWig  nrqiWiminti 

Diaadvantagaa 

amaaar  wigglar  parted  aipanantld  drag  In  add 
laVaM  nig^  gap  la  fMkiead ->  draade  drop  In  gain 

WIgpar  gas  aealad  by  parted  raducdon -»  eonatani  wigdar 
laid,  but  amallar  ateeVon  baama -»  teaar  ampul  pawar 


caoss  SECTION  OF  BON  LAMIKATiaNI 

(abb  aarasaHt  wte  baaw  rraaa  wdlaa) 


AXIAL  PROFILE  COMPARISON 


a  Simpla  daaign  compatibla  with  low  coat,  high  aooumcy  fabricalion 

*  3D  multllayar  conductor  winding  pattam  -> 

■  Ctaranl  mtllpHcalan  -  adaplabla  M  l-V  paranwteia  al  pawar  aupply 

•  Naduelten  al  atray  lalda  and  laid  naivunltennllaa 

cancalalan  al  ‘‘aida"  currania 

radudan  al  "and"  aNada 

cmram  laada  atteeh  to  wigglar  an  aama  alda  4  and 

•  bViaranl  abUtly  to  lapar  anbanca  and  axil  wigglar  i.-ada 

•  Sanaa  currant  path  -»  mlnlmlaa  canbal  4  manltartr  g  ayatama 

*  Compstibls  with  cooling  -»  DC,  AC  A  Pulssd  i  osration  possibls 

*  Cspabis  of  muKI-kilogauss  peak  fisMa  svan  for  rslativsiy 
largo  gap-to-pariod  ratios 

Spate  2  2kG  for  gap/  Xw  u  0.6 

*  Winding  pattam  can  bo  usod  with  othar  Iron  cors  gaomotiios 
and  would  bo  compatibla  with  tha  usa  of  multipla  layars  of 
thin  film  auparconductors  (if  and  whan  availabla!) 

Comparison  of  Calculatod  A  Maasurad  Poaks 


Olvtmct  from  Conlor  o(  Wi9glor  (cm) 


TraBsverM  Profiles 
BilsUst  to  Cmur  of  Gap 


Multiply  all  wigglar  dimanaiona  by  a  factor  e 

Flatd  - acafaa  aa  1*  far  eonatant  currant 

CuiTont  —  acafaa  aa  t  tor  eonatant  field 

Raalatanoa  - aealasaal/k 


•  Uaa  REEL  wigglar  winding  patlam 

-•  MrMs  Ma  tia«lng  nd  radudlan  al  MrayMa* 
nWiead  iiMd  lar  tuntna  aolla  ind  eafW«l  (rMMiM 

•  Uaa  baaa  *  cnmb  configuration  for  polo  pioooa 

->  baM  a  c«mb  cm  b*  labdcaM  M  ■  uiH 

fnata;  bM  b«M  a  eamb  DMd  nal  ba  ••  Om  Mnw  miiifW) 

-•  AativiM  a  aacraduoMta  Fabricaian 

-»  iaWndad  Olniabaaa  Ooailbla  g.a.  lOOa  la  100b%  a<  aailada 

-a  Vaar  baM  yMda  lUbx  uxNomi  atMfar  baM 


Voltage  - eonatant  for  eonatant  field 


a  Caloulationa  Indicate  unHorm  fialda  up  to  >  2liQ  can 
be  ganaratad  wKh  a  1  mm  parted  iiREEL  wiggtar 


Power  aoalaa  aa  e  for  eonatant  field  a  Fabrication:  Exlatlng  mathoda  provida  laaaonaMa 

coat  and  fabrication  time 


Power  Danally  - aoMaaaa1/c> 


Cooling  - acafaa  aa  1*  (  »  jKawdaMHy.  dwrKadalunnrabd) 


-a  wigglar  parloda  down  to  -  1mm: 

*  Mfiipuiir  eonMM  fiMcIMng  and  mMng 

*  oompulv  aanirallad  wlra*EOIi 

-»  Wlggldr  p*riod«  \mm  than  1mm: 

« laaar  macNnIng 

*  Maadva  Ian  a^cMng 
•lonfNMng 


Bfl»lc  Concept  for  uREEL  Wlaaler 


lahcrxal  UaltannUy  «r)i-KBEL  Wl|gler 


uREELBaaed  Proof-Ot-Prlnclple  Experiment 


Eaparimantal  Qoala: 


Conflguralion: 


Paramalara: 


Calculatad  Parformanca: 
funoctomlzadl 


Invoatigato  low-voll.-  ga,  high-fraquancy  FEL 
operation  utilizing  ai.tall  panod  wigglar 

obdllator 

ahaat  alactren  baam 
linear  uREEL  wiggle 
TEoi  waveguide  .neda  Interaction 
cavity  atruetura  on  'added 

currant  -3A 
voltage  -2'>i>rV 
wigglar  period  - m 
wigglar  field  -  2kG  pulaad 
f  raquancy  -  SSQGHz 
pulaa  length  - 1  uaac 
MF  -2-100  Hz 

gain  -  100%  par  paaa  for  100  Xw 
power  -  2  2.S  kW  extraction 

(zero  velocity  apraad,  untaparad) 


a 


a 


a 


a 


Statue:  (iREEL  teat  place  praaantly  being  fabrieatad 

caloulationa  to  optomiza  parformanca  underway 


Sumnwry 


A  WIGLER  DESIGN  SCALABLE  TO  MM-  A  SUB-MM 
PERIODS  HAS  BEEN  DEVELOPED 


A  PROTOTYPE  WIGGLER  HAS  BEEN  BUILT  AND  TESTED 
AND  PERFORMANCE  IS  IN  GOOD  AGREEMENT  WITH 
CALCULATIONS 


A  uREEL  WIGGLER  TEST  UNIT  HAS  BEEN 
DESIGNED  WITH  A 1 J  mm  PERIOD  AND  IS 
BEING  FABRICATED 


INITIAL  CALCULATIONS  FOR  A  LOW-VOLTAGE  FEL 
EXPERIMENT  BASED  ON  A  gREEL  WIGGLER  INDICATE 
INTERESTING  PERFORMANCE  LEVELS  ARE  POSSIBLE 
IN  THE  MM-WAVE  AND  FAR-IR  WITH  EXTREMELY 
COMPACT  SYSTEMS 


*  Work  aupporlad  by  Office  of  Naval  Technology  and  Ollloa  of  Naval  Raaaeioh 
t  Laboratory  tor  Plaama  Raaaaroh,  Univaralty  of  Maryland,  Collago  Park,  MD  20742 
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PEL  PERFORMANCE  WITH  PURE  PERMANENT  MAGNET  UNDULATORS 

HAVING  OPTIMIZED  ORDERING 

R.  A.  Cover,  B.  L.  Bobbs,  G.  Rakowsky,  S.  P.  Mills 
Rockwell  International,  Rocketdyne  Division 
6633  Canoga  Avenue 
Canoga  Park,  CA  91 303 


The  degradation  of  PEL  performance  by  field  errors  can  be  greatly  mitigated  in  a  pure  permanent 
magnet  undulator  by  appropriate  ordering  of  magnets.  Monte  Carlo  techniques  have  been  used  to 
obtain  such  optimized  ordering  for  various  systems.  The  resulting  performance  improvement  has 
been  evaluated  using  the  Rocketdyne  simulation  code  FELOPT. 


Pure  permanent  magnet  (PPM)  undulators  are 


The  results  show  that  optimized  ordering  generally 


ideally  suited  to  computer  optimization  because  of  the  absence  of  results  in  substantial  improvements  in  PEL  performance,  often 


high  permeability  pole  pieces  and  because  of  their  modular 
construction  using  interchangeable  magnets.  The  cost  function  used 
to  assess  PEL  performance  during  optimization  must,  however,  be 
fairly  simple  to  allow  practical  computation  times.  It  is  therefore 
important  that  realistic  simulations  be  used  to  verify  the  effectiveness 
of  the  opdmizatioa 


yielding  efficiencies  almost  as  high  as  if  magnet  errors  were  absent. 


Structure  of  simulation  code  PELOPT 

Error  model 

Results  of  simulations 


Stmetup*.  of  Sin 


Electron  parameters  (x,  y,  y)  initiated  by  a  random  number 

generator  consistent  with  a  given  emittance  and  energy  spread. 


Electrons 


Electron  Trajectory  Equations: 
d(ypy)_ 


d(y^_  a,.^lcw,^ 


dz  ^ 


Optical  Picid 


E  =  E,(r)  exp(iq\  ff)) 


Magnetic  Pield 


Pield  resolved  in  (r,9).  Electron  and  optical  field  equations 
integrated  using  4th  order  Runge-Kutta  algorithm. 


Kincaid  Model  [1  ] 


Error  Model 


ABy  =  B  e(z)  cos  k^z 


e(z)  constant  i^,  over  interval 

(2n  -  1)  7t,'2  <  k^7.  <  (2n  +  1)  Ji/2 
e(z)  has  zero  mean,  ffso  =  RMS  error 


Error  Treatment  in  KFJ.OPT 


Elliott  and  MeVey  [2] 


■I  +^E(Z) 

aB-O 


where  Az  is  the  integration  step.  Set  of  errors  AB  are  generated 
by  annealing  code  [3]  with  a  given  seed.  Set  ordered  in  this  work 
to  minimize  phase  eaors:  errors  in  y  caused  by  AB. 


over  a  given  K^/2  interval 


(1)  B.  M.  Kincaid,  J.  Opt.  Soc.  Am.  B  2  (1985)  1294. 

(2)  C.  J.  Elliott  and  B.  D.  MeVey,  "Analysis  of  Undulator  Pield 
Errors  for  XUV  PELs,"  Conf.  Undulator  Magnets  for 
Synchrotron  Radiation  and  PEL’s,  Trieste  (1987). 

(3)  B.  L.  Bobbs  et.  al.,  "In  Search  of  a  Meaningful  Pield  Error  Spec 
lui  UiiduidiuiD,  tins  vuiumc. 
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Table  1 


Table  4 


PEL  Parameters  for  4  m  Wiggler  System 

No  intrinsic  focusing  in  wiggle  plane;  =  0.  Electron  beam 
emittance-malched  in  y-z,  focused  to  waist  at  center  t>f  wiggler  in  x-z. 


PEL  Perfoimance  with  Different  Imput  Power 
WPE  =  2%,  Seed  =  25 


Wiggler  Length 

4.0  m 

P 

(W) 

T)  (No  Errors) 

(%) 

ri  (Errors) 

(%) 

Number  of  Periods 

160 

Optical  Wavelength 

0.8  iim 

2x10’ 

7.8 

7.6 

Magnetic  Pield 

6.0  KG 

1  xlO’ 

3.2 

3.4 

Electron  Energy 

Y=  175.3 

Optical  Waist 

0.054  cm 

5x10® 

0.9 

1.1 

Emittance 

7.0  X  10"*  It  m-rad 

1  xlO® 

0.2 

0.2 

Electron  Waist 

(r^  =  .02  cm,  r^  =  .03  cm) 

Optical  Power 

Current 

2x10*  W 

500A 

Optimization  is  not  affected  by  operating  at  optical  powers 
away  from  the  design  point 

Resonant  4* 

36°  1 

Table  2 

PEL  Performance  for  Different  Sets  of  Errors 
E  Seed  Extractit 


Extraction  EfEdency 

(%) 


25  (Not  Sorted) 

25 

99 

75 

25 

75 

25 

75 

25 

75 

25 

75 

99 

50 

WPE  =  RMS  Wiggler  Pield  Error 


Tables 

Extraction  Efficiency  with  Untapered  Wiggler 
Seed  =  25,Y=  175.5 

Input  Power  =  10^  W  Input  Power  =  10*  W 
Peak  Extraction  Peak  Extraction 

(%)  (%) 


Optimization  effective  in  small  signal  as  well 
as  in  high  extraction  regime. 


Table  3 

PEL  Performance  with  Retuning 


WPE 

(%) 

Seed 

ni 

(%) 

y 

Tl2 

(%) 

5 

25 

2.6 

176.2 

5.7 

5 

99 

5.5 

176.1 

6.7 

5 

75 

4.4 

176.2 

5.8 

5 

50 

5.1 

176.2 

6.0 

4 

25 

5.7 

175.9 

6.2 

4 

75 

6.8 

175.8 

7.0 

Table  6 

Wiggler  Performance  with  Interpolated  Reid  Errors 

Lu,  =  10  m,  Nu,  =  500  Periods,  y=  289.2.  B  =  8.5  KG, 

I  =  100  A,  X,  =  0.3  Jim,  P,  =  5  X  lO’  W,  Seed  =  75,  4*^  =  1 0-30° 

WPE  (%)  0  1  2  3  4  5 

Y  289.2  289.2  289.2  289.2  289.8  290.1 

Initial  Steering  (mrad)  0  -.02  -.06  -.11  -.15  .08 

Extraction  Efficiency  (%)  8.3  8.2  8.3  8.2  7.9  7.4 


Por  larger  WPE,  optimum  performance  requires  retuning  system  Ptactional  error  e(z)  in  Kincaid  model  interpolated  within  half 

(changing  y,  B,  Xy,.  or  X,)  to  compensate  for  phase  error  AH'  -  A(yPx)^.  pCTods.  Initial  steering  and  retiming  necessary  for  longer 

Por  these  cases  no  initial  steering  was  necessary.  wiggler. 
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P2.26  INITIAL  RESULTS  OF  OPERATING  THE  ROCKETDYNE  UNDULATOR 

IN  A  TAPERED  CONFIGURATION 

Mark  Curtin,  Anup  Bhowmik,  Jeffory  Brown,  Phillip  Metty  and  Wayne  McMullin 
Rockwell  Iniemational,  Rocketdyne  Division 
6633  Canoga  Avenue,  Canoga  Park,  CA  91303 

and 

Stephen  V.  Benson  and  John  M.  J.  Madey 
Stanford  Photon  Research  Laboratory 
Stanford  University,  Stanford,  CA  94305 

The  near  infrared  Rocketdyne/Stanford  ffee-elecuon  laser  uses  a  very  high  quality,  precision 
undulator  whose  gap  and  magnetic  field  taper  may  be  continuously  varied.  The  PEL  utilizes  an 
electron  beam  supplied  by  the  Mark  111  rf-linac  at  a  nominal  energy  of  38  MeV.  We  have  recently 
operated  the  PEL  as  an  oscillator  and  observed  sustained  oscillations  as  the  undulator  B-field  taper 
was  continuously  varied  from  0  to  10%.  Details  of  the  experimental  results  will  be  presented. 


ROCKETDYNE  UNDULATOR  PARAMETERS 


UNDULATOR  TYPE 
MAGNET  MATERIAL 
MAGNET  0«MENSiONS 
UNDULATOR  PERIOD 
UNOUUTOR  LENGTH 
•  Of  PERIODS 
MAGNETIC  FIELD  RANGE 
MAGENTC  FIELD  TAPER  RANGE 


'^‘JRE  REC  HALGACH  CONFIGURATION 
S/nCog  (VAComaxiTO) 

0  $  K  0  S  I  $  0  (cm) 
iS  (cm) 

200  (on) 

60 

3  7-0  8  (kO) 

0%  •  75%  (IN  PEAK  MAGNETIC  FIELD) 


THE  UNDULATOR  CAN  BE  CONTINUOUSLY  GAP  TUNED  BY  OPENING  BOTH  ENOS  OF  THE 
UNDULATOR  IN  UNISON 

THE  UNDULATOR  CAN  BE  CONTINUOUSLY  TAPER  TUNED  BY  OPENING  ONE  END  OF  THE 
UNDULATOR  RELATIVE  TO  THE  OTHER 


PURE  PERMANENT  MAGNET  WIGGLER  MAINTAINS 
ACCURATE  ELECTRON  TRAJECOTRY  OVER  A  WIDE 
RANGE  OF  GAP  AND  TAPER  SETTINGS 


HEA3UIIEOHAQNE71C  HELD 


CALCUUtTEO  ELECrnON  TIUUECTOflV 


ROCKETDYNE  PEL  TESTBED  AT  THE  STANFORD 
PHOTON  RESEARCH  LABORTORY 


OAONMTteS 
POROaOLLATOn  ' 


I  DUONOSnCt  I 
,  FOROtOLLATOR  , 
'  OOMFMURATION 


ELECTRON  BEAM  PARAMETER  TABLE 


HF  PARAMETERS 

FREQUENCY 
REP.  HATE 
MACROPULSE 
LENGTH 

MICROPULSE  LENGTH 
E  BEAM  PARAMETERS 

MACROPULUSE  CURRENT 
MICROPULSE  CURRENT 
NORMAl  IZED  VERTICAL  EMfTTANCE 

normalized  hohzontal 

EMITTANCE 

ENERGY 

ENERGY  SPREAD 


2857  MHz 
15  Hr 

5  )isec 

~  2  psec 


200  mA 
35  A 
2k  mm-nvad 
IOr  mm*nirad 
38.5  MeV 
<0.5  % 
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PEAK  INTRACAV'TY  POWER  INCREASED  BY  A  FACTOR  OF  A  SMALL  SIGNAL  GAIN  OF  55%  PER  PASS  WAS  MEASURED 
3.25  AS  THE  B-FIELD  TAPER  WAS  INCREASED  FROM  0  -  9.6%  IN  THE  UNTAPERED  CONRGURATION  AT  THE  END  OF  THE 

EXPERIMENT.  A  CAVITY  RINGDOWN  MEASUREMENT 
YIELDED  9.5%  ROUNDTRIP  LOSSES. 


»FCLO  TAPER  .  0% 


ftFCLO  TAPER  -  «  SK 


FEL  LINESHAPE  TAKEN  AT  A  9.6%  MAGNETIC 
RELD  TAPER  SETTING 


Gap  -  0.76  cm  GaP  ■  0.76  cm 

CAVrrV  LOSSES  of  q.9%  suggest  resonator  mirror  damage 

WAS  PRESENT  FOR  IMtS  RUN.  [  CAVITY  OUTCOUPLING  =  0.5  %  ] 


FELOPT  CALCULATIONS  FOR  THE  TAPERED 
UNOULATOR  OSCILLATOR  EXPERIMENT 


•,1 

. Oual  .t  AM  Mdd 

1 

A  ! 

PEAK  CURRENT  (AMP) 
ENERGY  SPREAD  (%) 
RADIUS  (CM) 


LENGTH  (CM) 

PERIOD  (CM) 

INrriAL  MAGNETIC  FIELD  (KG) 
MAGNETIC  FIELD  TAPER  (%) 


OUTPUT  WAVELENGTH  (jlM) 
RESONATOR  LENGTH  (CM) 

MIRROR  RADIUS  OF  CURVATURE  (CM) 
OPTICAL  WAIST  AT  WIGGLER  CENTER  (' 
TOTAL  RESONATOR  LOSSES  (%) 

RESULTS 

PEAK  INTRACAVITY  POWER  (MW) 
EFFICIENCY  (%) 

GAIN  (%) 


75.54 
35.  30,  25 
0.5 
0.04 


184, 156,  128 

I. 52,  1.46,  1.40 

II. 2,  10.8.  10.5 


ENERGY  EXTRACTION  MEASUREMENT 


90CCQREC 

OraCMAONCT 


WATER  COOUO 
SCREEN 


MEASUfVMENT  PROCEOUrC 


M  'VTFRMMF  A\^RAOE  ENERGY  LOSS  OF  Tcvtf>f^O  ELECTRONS  US»«3 
I  HE  MAONE  T  K  SPECT  ROME  TER  D««  CT(  V  FO(l  OWMO  THE 
UNOULATOR  0%MFASUF«Ot 

I)  POSaCN  THE  riECTRONBEAMSOTHATTRAPPEOEtECTRONSir 
OUTSCE  T»«  ENERCYACGEPTANCEOr  TF€  90 OE GHEE  OffOE 

H  0CTU*C  THE  OPTICAL  CAVITY  MID  ME  ASLNV  TIC  IMCROPU  SE 
CHARGE  USMG  THE  BEAM  OM^  TOROC 
«|  RETUNE  TIC  OPTCAL  CAVfTV  MIOMEASUFC  THE  MACROPUSE 
CHARGE  ASSOCIATE  OWTTH  TIC  UNTRM>PEO  FLECTTOIS  USMO  THE 
8ENllOUI«>TOROO  (MCASUfCO  )0%  TRM*PtNO) 

51  THE  OFTEfCNCE  OF  TIC  TWO  TORDf}MEASUICMENTS  YEIDS  TiC 
NUMBER  OF  TRAPPED  Et  ECTRONS  WHCH  WHEN  COUPLED  WITH  TiC 
AVERAGE  ENFRGYLOSS  (ASOETFfCliCO  M  I')  RESULTS  N  •*  S% 
EXTRACT  ON  ETFCCNCY  AT  9  •%  MACNE  TC  E  CIO  TAfC  R 


•0  DEGREE 
DRULE  MAGICT 


RESULTS  FROM  THE  TAPERED 
WIGGLER  EXPERIMENT 


DEMONSTRATION  OF  1 .5%  EXTRACTION  EFFICIENCY  AT  A  MAGNETIC 
FIELD  TAPER  OF  9.6%  FOR  140  MW  CIRCULATING  POWER 


DEMONSTRATION  CF  A  3^5  FOLD  INCREASE  IN  INTRACAVrrY  POWER 


DEMONSTRATION  OF  CONTINUOUS  LASING  WHILE  GAP  TLINING  THE 
UNDULATOR  BETWEEN  3.7  KG  AND  2.6  KG 


DEMONSTRATION  OF  CONTINUOUS  LASING  WHILE  TAPER  TUNING  THE 
UNDULATOR  BETWEEN  0%  AND  10% 
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.27  Fundamental  Mode  Amplifier  Performance  of  the  NRL  Ubitron* 

D.  E.  Pershingt.  R.  H.  Jackson.  H.  Bluemtt ,  and  H.  P.  Freundttt 
Naval  Research  Laboratory 
Washington,  D.C.  20375 

Operation  of  a  ubitron/FEL  amplifier  using  the  fundamental  wiggler  harmonic  interaction  with  the 
TEi  1  circular  waveguide  mode  is  reported.  Small  signal  gains  as  high  as  1 7-1 9  dB  have  been  observed  in  the 
13-16  GHz  frequency  band.  Gain,  efficiency,  and  bandwidth  results  to  date,  including  comparisons  with 
theory,  will  be  presented. 


DESIGN  FEATURES  OF  THE  NRL  UBITRON  UBITRON  EXPERIMENTAL  PARAMETERS 


•  mUMrrANrAHtOUfBANOWlOTHAMPUPIIfl 

•  DCAXUa..PUUCOWIOOLfllMAONtnCRELM 

•  RlPCimVI  PULSS  OPERATION 

•  NON  OUAUTV,  MOH  CURRENT  ELICmON  REAM 
«  MOOmSOSUCKLYETRONOUN 

*  AOVANCEOOUN 

•  NMHOAM  PER  nifl  MACE  WAV&0MTN 

•  MOHEmaMCVINUNrAPEREOCONnOURATION 

VAHAELS  POUtROATION  INPUT  RP  WAVS 

•  FUNDAMENTAL  WAVIOUM  MOOS  OPERATION  WTTH 
O  HEUCAL  WtOOLER  WrTH  ADIABATIC  ENTRANCE 

•  FLEXIBLMIOOULARDEtlON  FOR  INTERACTION  TMERMO 

GQAI-S 

TOTAL  GAIN  ■  2S-30dB 
EFFICIENCY  .  >  15% 

BANDWIDTH  -  »  20% 


VoltAQO  (kV) 

Curr«nt  <A) 

Boam  Radlua  (cm) 

Pula#  Langth  (pSac) 

Rapalition  Rata  (Hx) 

Wiggiar: 

Parlod  (cm) 

Cniranca  (DC,  Puiaad]  (parteda) 
Uniform  (DC.  Puiaad]  (parloda) 
EkH  [DC,  Puiaad)  (pMloda) 
Puiaad  Flald  (Qauaa) 

DC  Flald  (Qauaa) 

Solaneld  (kIloQauaa) 

Fraquancy  (GHi) 


1B0-250 

2S0 

0-37 

30/100 

0.4 

0.4 

1 

1 

3-30 

1-100 

2. $4 

2.S4 

0.  4 

S 

12,  10 

12 

3,  5 

3 

F75 

1500 

140 

500 

1.I-2.0 

1-3.2 

13.S-17.4 

12.4-1B 

NRL  Ku  BAND  UBITRON  AMPLIFIER 


Ek-CCTnoN  Gun 


wATen  cooceo  solcnozo  < oc  ) 


CUAMENT  MONZTQA 


UBITRON  UNCOUPLED  DISPERSION  CURVES 


UBITRON  SMALL  SIGNAL  GAIN 


Wwwuntwf  (ck/(2ii'to** 


I  (CHI) 


COMPARISON:  THEORY  and  EXPERIMENT 
CAM  ««.  FReOUENCY 


10 

15 


9t»n  (dB)  10 

s 

0 

1}  M  14  1C  1«  17  1C  If  20 

Frfqufnqf  (GHz) 


COMPARISON:  THEORY  and  EXPERIMENT 
OAIN  VO.  WKMLER  FIELD 


COMPARISON:  THEORY  and  EXPERIMENT 
CAM  VO.  BEAM  CURRENT 


SUMMARY 

Broadband  UbItron/FEL  Amplification  In  Circularly  Polarizad  TE,,  Mode 

-  PoMi  OoNl  .  ladB  9  170MZ 

-  PoMi  OMn 

/FTM^apaff  Wavfifngtti  •  1  JdB/\  ^  IS.SQHi 

•  Bfndiddth  i  IS% 

Gain  la  Unaar  With  Input  RF  Powar 

•  no  IndiooMon  of  ooturotlon.  onaolpoCo  roaulrlng  MMi  to  ooairalo  wtth 
Frooont  ap  drtvo  po«or 

Scaling  Of  Gain  With  Baam  Currant 

-  oiponont  «  OJ  •  oooMng  lo  oonololofrt  wtti  oHhor  i**  (oirong  (lump)  or  i''* 
(aofnon) 

3D  Nonllnaar  Calculatlona  Ara  In  Good  Agraamant 

>  gano  oro  In  gonora  ogroomont  oooiNnlng  -  0  JS  %  goiwno  oprood 

>  afforonooo  In  tio  ofapo  of  ito  gan  ourvoo  Indloao  tnoro  aro  doiaio 
«M«n  roman  to  bo  Inekidod  or  roolood  In  fto  oaeulotlerto: 
moMurod  odggtor  PoM  pr^o  lo  dMcuH  to  moda 

Maaauramanta  will  Continua  Ovar  a  WMar  Paramatar  Ranga  Uaing  tha 
Advanoad  Gun 


*  Work  supported  by  the  Office  of  Naval  Research  and  Office  of  Naval  Technology 
t  Misf'on  Research  Corporation,  Newington,  VA  22122 
tt  Laboratory  for  Plasma  Research,  Univ.  of  Md.,  College  Park,  MD  20742 
ttt  Science  Applications  International  Corporation,  McLean,  VA  22102 
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STUDY  OF  LISA  FEL  OPERATION 
WITH  PREBUNCHED  BEAM 

M.Castellano.  A  Ghigo,  P.Patteri 
INFN.  C.r.  13,00044  Frascati  (Rome),  Italy 


Sufierconducting  linacs  provide  beams  with  low  emil- 
tance  and  low  energy  spread,  comparable  with  a  sto¬ 
rage  ring  beam.  This  performance  can  be  exploited  in 
a  FEL  operating  in  the  Optical  Klystron  configuration 
which  was  up  to  now  taken  into  account  mainly  to  in¬ 
crease  the  gain  in  storage  ring  FEL. 

Moreover  few  constraints  apply  in  the  design  of  the 
transport  optics  for  single  pass  devices,  and  uncommon 
lavout  are  feasible. 


We  present  a  Distributed  Optical  Klystron  (IX)K)  in 
which  the  modulator  and  the  radiator  undulator  are  far 
apart,  allowing  separate  optimization  of  the  interaction 
regions.  This  disp<»ition  allows  the  iasertion  of  a  pulse 
compressor,  exploiting  the  dispersive  section  between 
the  modulator  and  the  radiator,  which  causes  modula¬ 
tion  stretching  or  shrinking.  In  this  way  the  modula¬ 
tion  is  produced  at  fixed  wavelength  by  an  high  power 
laser,  and  then  shifted  at  the  required  wav’elength  be¬ 
fore  entering  the  radiation  undulator. 


THE  LAYOUT  OF  LISA  DOK  THE  BEAM  TRANSPORT  AND  THE  BUNCHINC,  PROCESS 


The  layout  of  the  LISA  FEL  includes  a  chicane  at  both 
ends  of  the  unduktor  to  allow  the  insertion  of  a  short 
optical  cavity  as  shown  in  fig.  4. 

tUHCHC* 


tlCTIOH 


The  longitudinal  modulation  in  a  wavelength  Ao 
along  2  is  described  bv 


IW  =  In 


im  cos»mv>) 


) 


where 

V>  =  V»n  +  'P  sin  tn 

and 


In  the  rhs  of  the  above  equation  the  terms 


(1) 

(2) 


Fig.  4  -  Location  of  the  DOK  elements  on  the  LISA  FEL 
layout 

The  modulating  undulator  is  placed  before  the  chi¬ 
cane  in  a  straight  section  where  the  eltKtron  beam  can 
be  squeezed  to  interact  with  a  fexused  laser  beam  and 
gain  periodic  ener^  modulation  ^7  =  iT^^sinV'o  In 
the  path  to  the  radiating  undulator  both  the  free  space 
driff  and  the  dispiersion  in  the  chicane  cnu.se  the  onset 
of  longitudinal  bunching  at  the  laser  wavelength  Ao- 


WAVELENGTH  SHIITINC; 


ExpU'iling  the  distance  betwivn  the  modulator  ami 
the  railiator  an  RE  cavitv  can  K’  in.serted  to  add  a  lin¬ 
ear  energy  variation  to  the  beam  alreadv  afftxtcd  by  the 
periodic  onergv  mrKf illation.  Tl'e  schematic  is  shown  in 
fig  .'i 


/  ly  >  hiuoiit  of  fnihe  einnjnrssor  tor  u'in'rirngth 
shilling 


and 

1  Jn  p  1  Y 


account  respectively  for  the  path  length  variation 
due  to  the  magnetic  dispersion  and  for  delav  due  to  the 
velocity  modulation.  The  harmonic  amplitude  growth 
in  the  path  from  the  modulator  to  the  radiator  is  given 
by 

i„(2)  = 

The  emittance  causes  path  length  variations  uncorre- 
lafed  with  the  energy  modulation  so  the  bunching  will 
be  smeared  after  a  long  drift  space  The  path  lengthen¬ 
ing  due  to  emittance  is  given  bv 


tz 

4  <  0  > 


where  the  simplifications 


0  =<  0  >  and  <  sin^  >-  ^ 

have  been  used  in  the  last  expression. 

In  the  layout  shown  in  fig.  4  the  distance  z  between 
the  modulator  and  the  radiator  is  =5  8m,  < >=:  lOm 
and  <  0^  >k:  3  m.  The  LISA  normalized  emittance 
7*  =  lO"'  m  rad  in  both  planes  and  the  nominal  energy 
is  25  MrV .  The  path  length  variations  are 


fz(ti)  =  4  ■  10  "m  and  =  1.3  ■  10  *rn 

so  their  effect  is  always  negligible  in  the  IR  i.ange 
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Assume  a  pulse  of  length  Ip-,  its  center  passes  the  RF 
cavity  when  the  field  is  zero;  the  energy  variation  at  the 
ends  of  the  pulse  is 


The  energy  modulation  along  the  pulse  is 

hr  =  hmod  +  sin 

In  this  case  the  dispersion  of  the  chicane  causes  pulse 
lengthening  or  stretching  while  keeping  the  periodic 
modulation.  A  second  RF  cavity  iiiserted  after  the  chi¬ 
cane  cancels  the  strong  energy  modulation  impressed 
by  the  firstone. 

Assume  that  the  RF  cavities  are  just  aside  the  undu- 
lators  so  that  in  the  bunching  process  described  by  the 
eq.  (1)  it  is  piossible  to  replace  6'imod  l^en 


The  arriving  time  vs  starting  time  from  the  modula¬ 
tor  to  the  radiator  is  shown  in  fig.  ^  for  beams  linearly 
modulated  at  T  =  200, F  =  0  and  T  =  -200.  The  corre¬ 
sponding  arriving  time  distributions  are  shown  in  fig.7. 


=  V'o  +  j 

The  final  wavelength  of  the  density  modulation  is 


A  = 


’Tip  ) 


In  order  to  cancel  in  the  cavity  RF2  the  modulation 
given  by  RF\  before  the  pulse  compression  their  fields 
must  be  in  the  ratio 


Vrf2  _ 

Vjif^  A  ir/p  +  TTAp 


HARMONIC  COMPONENTS  OF  THE  MODULATION 

The  profile  and  the  harmonic  compjonents  of  the  op>- 
tical  modulation  of  a  pulse  stretched  or  shrinked  re- 
spjectively  at  T  =  -200  and  T  =  200  are  shown  in  fi«. 

S  and  5.  The  bunching  parameter  M*  is  kept  fixed  at  the 
value  which  maximizes  the  fundamental  harmonic  of 
the  modulating  laser.  The  higher  harmonic  amplitudes 
in  fig.  are  unrealistic  since  the  debunching  due  to  the 
emittance  has  not  been  taken  into  account;  moreover 
6imod  >  ^hpread  has  been  assumed. 


f'x  8-  Profile  and  hannoiuc  components  of  a  pulse 
shrinked  at  P  =  -200. 


Starling  lime  t  from  modulator 

Fig.i-  Arriving  time  vs  starting  time  at  P  =-200 
(a),r  =  0  (b)  and  P  =  200  (c). 


Fig.  7  -  Distribution  of  arriving  time  at  P  =-200  (a),r  = 
0(b)andr=  200(c). 


Fig.  9  -  Profile  and  harmonic  components  of  a  pulse 
stretched  atV  =  200. 
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A  Proposed  FIR>IR  Metal-Grating  FEL  Experiment 


J.  Walsh.  E.  Fisch.  E.  Marshall.  E.  Price.  Y.  Xu 
Ekp;uimcr.t  of  Physics  and  Astronomy 
Dartmouth  College 
Hanover.  N.H.  03755.  U.S.A. 


G.P.  Gallerano,  A.  Doria.  A.  Renieri 
Dip.  ENEA 
Frascati  00044.  ITALY 


M.F.  Kimmitt 
Department  of  Physics 
University  of  Essex 
Colchester.  Essex  C04  3SQ.  U.K, 


A  FIR-waveiength,  RF-accekrattMr-driven.  metal-grating  (MG-FEL)  experiment  is  proposed.  The  resonator  will  be 
an  open  planar  structure,  loaded  with  a  narrow  strip  grating,  and  terminated  with  cylindrical  section  mirrors.  Both  continuous- 

grating  and  split  (klystron)  configurations  will  be  considered.  . 

I  The  Operating  VVaveIcngih  _ [ 


TIm  iMal  Oratlne  Fras  eiartmn  Laaar 


Ditperstom  Curve 


I  Eneriy  Storage  and  Power  Flow 


PovHimg  Thtmm  (Complex  Formi 


»  '¥•.  “  .  f 


Symekronism 

uj  =  ii.v 
Tuning 


D  iil  kt  1  L 

\ 

Wavelength  Sealing 


t 


0}  the  angular  frequcncv  v  .  iha  beam  vciociiy 
k  •  (be  axial  wavenumber  d  -  (he  sl«  depib 
(  -  Ihe  grating  period  s  •  the  slot  width 

b  •  the  channel  height 

r~  MG-FEL  Scalltia  Rclatloiw  "H 


tiiuEc  •  <J»Em  )  *  T  I 

Energy  Storage  Capacity 

Zt  =  rr-flEl'  dV 

itit  J 


1  •  E  dV  = 


i  d  A. 


bcaa 

jad  loMcs 


c  V, 


s  Cm  lalong  D  =  0) 


C  =  J±c\^k  li 
4  It  ' 


Beam  ConBuetanee 


R,  J»  E  dV  a 


O  V, 


iuadiag 


Vn  =  EoL.  Eo  =  Slot  Held.  L.w  =  grating  length,  width 


ComptoH-Colleeitve  Crossover  (oL  =  1) 


J.  (A/cm-)  = 


I  .  I 

i7  ^ 


Spatial  Gaia  (CoUeetive  Limit) 

13  ,13 

at  =  -J-  — r— *  -T- 


Trappiag  Seporatrix  (CoUeetive  Limit) 


e„.um'i 


I  'r  ^  0,1' ' 


■:.3 


I  'vUJ 

(/«a) 

;  r  Kuf-'c,-’  e 


(‘r  I 


■  the  space  Harmonic  anpiaude 
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Dispersion  and  Relative  Capacitance 

The  curves  deHned  by  D  »  0  with  d/t  =  0.4, 0.8  are 
displayed  for  an  open-topped  resonator  (right  axis).  The 
associated  relaHvi*  capacitance  (left  axis)  curves  are  also 
shown. 
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Tuning  and  Relative  Capacitance 

The  function  D  =  0  evaluated  along  the  line  deflned  by  ca  = 
k.v,  where  v  is  the  beam  velocity  is  displayed  as  a 
function  of  the  beam's  relative  kinetic  energy.  The 
parameters  are  the  same  as  those  in  the  dispersion  plot  and 
the  relative  capacitance  is  also  displayed. 

10000 

mrig 

//“*  1000 


0  0.20.40.60.8  1 

The  Start  Current  Density:  1 


0.01 


0  .  1 


The  Start  Current  Density:  2 
Tlie  current  density  lequired  for  threshold  at  the  point  where  the  -phe  current  density  required  for  threshold  is  displayed  as 
exponent  in  the  spatial  gain  (oL)  is  unity  is  displayed  as  a  function  of  the  beam's  relative  kinetic  energy, 
function  -f  the  phase  shift  per  slot 


I  Accelerators*  | 


2J  MeV  Linac 

Eg  -  2.3  MeV  ;  -  4  ps  (macropulse) 

I  -  200  ma  (avg.)  =  254  A/cm^** 

5.0  MeV  Microtron 

E_  -  5.0  MeV  ;  x^,  -  2  iisec 

c  M 

I  -  100  ma  =  127  A/cm*^ 

*  The  radio  frequency  gun  (K.  Batchelor  et  al.,  NSLS  pub. 
BNL  41766)  might  also  make  an  excellent  beam  for  MG-FEL 
investigations. 

**  Assuming  =  0.1  mm,  a.  =  1.0  mm  in  an  elliptical 
spatial  distribuoon.  ^ 
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Prospects  for  a  Soft  X-Ray  FEL  Powered  by  a  Relativistic 
Klystron-High  Gradient  Accelerator  (RK-HGA)* 

H.  D.  Shay,  W.  A.  Barletta,  S.  S.  Yu,  E.  T.  Scharlemann,  R.  Scblueter,  and  G.  A.  Deis 

Lawrence  Livermore  National  Laboratory 
University  of  California,  Livermore,  California  94550 

Recent  advances  in  the  technologies  of  high  gradient  linear  accelerators  driven  by  relativistic  klystrons,  of 
high  brightness  electron  injectors,  and  wigglers  with  small  random  field  errors  and  with  accurate  beam  steering 
suggest  the  possibility  of  developing  a  soft  x-ray  FEL  baaed  on  the  architecture  of  single  pass  simplification  from 
spontaneous  new.  This  paper  examines  the  selection  of  x-ray  wavelength  and  FEL  power  for  several  applications 
and  the  implications  in  the  technology  requirements.  Relatively  compact  designs  are  proposed  which  balance  the 
requirements  for  small  electron  beam  emittance,  small  energy  slewing,  high  energy,  high  current,  and  small  wiggler 
field  errors.  Other  authors  have  previously  considered  similar  architectures,  but  without  the  proposed  use  high 
gradient  acceleration.  We  also  show  the  influence  of  3D  effects  on  the  choice  of  designs. 

*  Work  performed  under  the  auspices  of  the  US  Department  of  Energy  by  the  Lawrence  Livermore  National 
Laboratory  under  W-7405-ENG-48. 


Architecture  under  consideration: _ (2 

•  High  brigMnMS  ln|*etar 

—  •inMtinc*  -  1S.40  mm'iiirad  dtmofiaintMl  In  ph<rtoin|«eier  (LANL) 
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Design  parameters  and  Issues: 
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SmM  (Ignal  gain  9  25  malain 


Gainvs^brl2htness 


FEL  is  more  tolerant  of  electron  energy 


Gain  vs.  wiggler  field  error 


Tuning  for  150A  and  using  3rd  hannonlc  n 

•  twf— •  0a<n  ■!  SOA 


0  S  10  IS  M  2S 

zm 


Output  characteristics  of  FEL  permit  x-ray  holography  fn 

«  X  -  50  A;  AVX-  0.r^;  fully  tunable  in  X 

•  Instantaneous  power*  10*  -  10^  W 

•  Beam  radius  at  exH  of  FEL  •  100  fim 

•  Beam  divergence  at  exH  of  FEL  •  20  ^d 

•  Spectral  brilliance*  2  x  10^-2  x  10^  phoions/(sec  -  mm^  ■  mrad^  0.1%  BW) 
e  Pulse  length  •  VIO  ps 

•  •  0.1-1  mJ/pulse  (2.S  x  10'^  -  10*^  photons  ~  pulse) 
e  Highly  coherent 

—  Transverse  coherence:  *  85%  ITMoo  mode 
—  Longitudinal  coherence:  Ip* -^*2.5  pm 

•  Completely  linearly  polarixed 

•  Repetition  rate  *  1-10  Kz 
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DESIGN  OF  A  HIGH-CURRENT  INJECTOR 
FOR  THE  NIST-NRL  FREE  ELECTRON  LASER* 

R.  I.  Cutler  and  E.  R.  Lindstrom 
National  Institute  of  Standards  and  Technology 
Gaithersburg,  Md  20899 
(301)-975-5607 

S .  Fenner 

10500  Pine  Haven  Terrace 
Rockville.  Md  20852 


The  electron  beam  of  the  NIST-LANL  Racetrack  Microtron  (RTM)  is  to  be 
used  to  drive  a  free  electron  laser  and  for  other  applications.  We  have 
designed  a  new  injector  for  the  RTM  to  provide  the  3.5  long,  7-14  pC  electron 
beam  pulses  required  for  lasing.  The  new  injector  consists  of  a  pulsed,  120- 
keV  thermionic  electron  gun,  a  subharmonic  chopping  and  bunching  system,  and 
the  existing  5-MeV  RTM  injection  linac.  It  has  been  designed  to  produce  a 
continuous  train  of  electron  pulses  at  5  MeV  with  a  normalized  transverse 
emittance  of  5  mm-mr  and  a  longitudinal  emittance  of  20  keV-degrees  for  95%  of 
the  beam  (for  7  pC)  at  repetition  rates  of  66,111  or  16.528  MHz.  These  two 
frequencies  are  subharmonics  of  the  fundamental  accelerator  frequency  of  2380 
MHz.  The  new  injector  will  also  produce  lower  emittance  beams  at  lower  peak 
currents  at  the  fundamental  frequency. 


INJECTOR  SCHEMATIC 


ELECTRtW 
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X  OEFTJICTIDN  •  1190  MHz 
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S  HsV  . 


D 
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PARMELA- CALCULATED  BEAM  PROFILES 
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OUTPUT  EMITTANCES  FROM 
PARMELA  FOR  95%  OF 
BEAM  PARTICLES 
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keV- DEGREES 

0.25 

0.7 

5 

7 

4.3 

17 

14 

6.1 

34 

161 


P2.32 


TWFEL  -  a  hybrid  TWT/FEL  interaction 


Eli  Jerby 

Faculty  of  Engineering,  Tel-Aviv  University,  69978,  ISRAEL  * 

ABSTRACT 

A  concept  of  an  hybrid  TWT-FEL  device,  operating  in  the  mm  wave  range  with  low  energy  e>beam,  is  presented. 
The  TWFEL  consists  of  both  periodic  waveguide  (with  period  Ap)  and  a  planar  wiggler  (with  period  >„).  It  is  shown 
that  when  A«,  =  Ap,  the  parametric  interaction  is  composed  of  a  double  FEL  interaction  and  a  TWT  interaction, 
all  at  which  are  in  resonance  with  three  different  spatial  harmonics.  Simpler  TWFEL  schemes  are  presented  for 
A«,  =  2Ap  (two  harmonic  interaction)  and  for  Au,  '>  Ap  (single  harmonic  interaction).  A  2D  model  was  derived  to 
analyse  the  TWFEL  features  in  the  various  regimes.  A  conceptual  TWFEL  scheme  is  proposed  on  the  base  of  a 
folded-foil  wiggler  which  functions  also  as  a  periodic  waveguide. 


hybrid 


Three  operating  regimes  are  distir  ;uished, 

A.  A||r  :s>  Ap  FEL  interaction  with  one  harmonic 

'  ■  PEL 


the  coupling  parameter  with  the  n*'*  harmonic  is 


’JJn"  = 


Em  a 


'  The  spatial  equivalent  of  the  FEL 
known  JJ  term  for  higher  harmonic 


Though  the  interaction  occurs  with  one  harmonic,  the  amplified  power  is  divided  to  all  the  har¬ 
monics  and  therefore  the  net  gain  is  smaller.  However,  the  advantage  of  this  scheme,  as  the  other 
higher  harmonic  schemes,  is  that  the  e-beam  energy  can  be  smaller  as  the  order  of  the  harmonic  is 
higher.  Moreover,  some  reduction  of  the  e-beam  energy  can  be  achieved  also  with  the  fundamental 
harmonic,  depending  on  the  specific  dispersion  condition  (  similar  to  the  Gas-Loaded  FEL  [4]  ). 

•  Present  address  -  Res.  Lab.  of  Electronics,  MIT,  Cambridge,  MA  02139 
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B.  Alt'  =  2Ap  FEL  interaction  with  two  harmonics 


the  coupling  parameter  includes  now  the  contribution  of  two  harmonics  as  follows  : 


C„.n+1  - 


'n.n  2 

•  n 


i - ( 

'Yn'ln+l 


$nPn+l 

11+1  '  ^n+l.n+1  2 

~n+l 


One  may  identify  in  the  coupling  expression  terms  for  each  harmonic,  and  also  a  cross  term  for  the  coupling 
between  the  harmonics  due  to  the  FEL  interaction. 


C.  Aiv  =  Ap  TWFEL  interaction  with  three  harmonica 

When  A„,  =  Ap,  the  TWFEL  interaction  is  composed  of  a  double  FEL  interaction  and  a  TWT  interaction, 
all  of  which  are  in  resonance  with  three  different  spatial  harmonics. 


^  (v,)  ~  ~  0, 

TWT  : 

(v.) 


FEL  2  . 


U) 

~  ^n+l  +  fcw  ~  0, 


The  coupling  parameter  for  the  TWFEL  interaction  includes  the  contribution  of  three  harmonics  as  follows  : 


^n-l.fi.n  +  l  —  I  ^  ^ 


1-1. 

2  »"»l 


2  ,  0nfin  +  2 

2  ®n.n+2 

"in  7n7n  +  2 


+  an  +  2.n  +  2 


Pn  Pn  +  2 


The  additional  last  term  in  the  coupling  expression  in  this  case  is  equivalent  to  the  TWT  gain 
parameter,  accepted  in  the  Pierce  equation  [3,5]  (which  is  essentially  the  denominator  of  the  gain 
dispersion  equation  (12b)).  As  in  the  previous  cases,  the  TWFEL  interaction  requires  lower  energy 
e-beam.  The  coupling  is  emphasized  by  the  three  harmonic  interaction,  thus  a  lower  current  is 
needed  to  acquire  the  same  amplification. 
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The  TWPEL  inetraction  and  the  miniatiire  wigglcr  concept 

COAXIALLY  FED  FOLDED  FOIL  ELECTROMAGNET  WICGLER 
functions  also  as  a  periodic  structure  waveguide  : 

(  =  2Xp  scheme) 

Copper  foil  windings 

~12I — bsr 

1 

periodic  waveguide 

A  2-D  model  of  the  TWT-FEL  interaction  is  presented  in  Re{.[H]  ■  The  features  of  the 
TWFEL  are  analysed  in  the  various  regimes.  A  conceptual  design  of  a  TWFEL  is  presented, 
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Energy  Measurement  of  the  Electron  Beam 
Beyond  the  PALADIN  Wiggler* 

T,  J.  Orzechowski,  J.  A.  Edighoffe^,^  P.  Lee*  T.  E.  Smith, 
Y.  P.  Chong,  A.  C.  Paul,  and  J.  T.  Weir 
Lawrence  Livermore  National  Laboratory 
University  of  California,  Livermore,  California  94550 


An  electron  beam  spectrometer  has  been  deployed  at  the  exit  of  the  PALADIN  wiggler.  The  dispersed  electron 
beam  is  monitored  by  observing  the  Cerenkov  light  emitted  as  the  electron  beam  passes  through  a  quartz  foil.  We 
present  energy  spectra  under  lasing  and  nonlasing  conditions  and  compare  them  to  the  FEL  optical  energy  gain. 

Work  performed  jointly  under  the  auspices  of  the  US  Department  of  Energy  by  the  Lawrence  Livermore  National 
Laboratory  under  W-7405-ENG-48  and  the  DOD  under  SDIO/SDC-ATC  MIPR  No.  W31RPD-9-D5007. 

^TRW,  Inc.,  Redondo  Beach,  CA 
^General  Atomics,  San  Diego,  CA 


Energy  Measurement  of  the  Electron  Beam 
Beyond  the  PALADIN  Wiggler 


Energy  measurement  of  the  electron 

beam  beyond  the  PALADIN  wiggler _ ^ 


J.  A.  Edighotfaf,  T.  J.  Oimehoiraki.  P.  Lm.  T.  E.  SmIMv 
V.P  Chong,  A.  C.  Pwl,  Md  J.  T.  Woir 
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ProooMod  al  tho 

11th  lidofnaUonal  Conloronco  on  Froo  Eladron  LaMn 
Rhz-Cartton  Hotel 
Naplaa,  FlorMa 

Auguat  2t  —  Saplainbaf  1,  IWQ 


Tod  Onachoorakl,  J.  EdlghoHar 
Ping  Lao,  Tom  Snilth,  Vaa  Ping, 
Alt  PaU,  and  John  Wair 


Initial  maaautatnanta  ol  tha  anatgy  loaa  during  FEL  ampIKIca- 
Hon.  r^Mmakov  light  omlaalon  from  a  quartz  acnanviaurad  with 
gaiad  camara  arlth  $  na  tamporal  roaoMlon.  With  tha  praaanl  con¬ 
figuration,  tha  energy  roaokitlon  of  •  0.2%  waa  obaarvad  and 
coverage  ol  ^  >  0%.  Comparlaon  of  laalng  and  non  laaing  alaction 
energy  apactra  wlU  be  praean  J  and  compared  arlth  FEL  optical 
energy  galna. 


Electron  beam  spectrometer  measures  effect 


•  BvcVon  bMm  !•  dtltortid  out  of  boonrilno  at  tnd  of 
«il0glor  kilo  opoc^omolir 

•  Dif  r— d  ofocuon  boom  lo  monHorod  on  Coronkov  foM 

•  Rooofudon  of  apoctromolor  m  0.2% 


Spectrometer  magnet 
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WEDNESDAY,  AUGUST  30 
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EX2.1 


The  NIST-NRL  Free-Electron  Laser  Facility 


R.G.  Johnson,  R.L.  Ayres,  J.B.  Broberg,  R.I.  Cutler,  P.H.  Debenham, 
B.C.  Johnson,  E.R.  Lindstrom,  D.L.  Mohr,  J.E.  Rose, 

J.K.  Whittaker,  N.D.  Wilkin,  and  M.A.  Wilson 
National  Institute  of  Standards  and  Technology 
Gaithersburg,  MD  20899 

S.  Penner 

10500  Pine  Haven  Terrace 
Rockville,  MD  20852 

C.-M.  Tang  and  P.  Sprangle 
Naval  Research  Laboratory 
Washington,  DC  20375 


A  FEL  facility  is  being  constructed  at  NIST  in  collaboration  with  NRL.  The 
FEL  will  provide  a  powerful,  tunable  light  source  for  research  in  medical  and 
materials  science.  The  FEL  will  lase  over  wavelengths  from  200  nm  to  10  jam  with  a 
continuous  train  of  3-ps  pulses  at  66  MHz  and  with  average  power  of  10  W  to  200  W. 


Supported  by  the  US  SDIO  through  ONR  Contract  No.  N00014-87-F-0066 . 


Plan  view  of  the  NIST-NRL  FEL  facility. 


OUTPUT  LIGHT  PROPERTIES 


WAVELENGTH 

AVERAGE  POWER 

200  nm  -  10  /im 

10  -  200  W 

PHOTON  FLUENCB  3  1013 
(1  om-dlaa  spot) 

SPECTRAL  RESOLUTION 

-  6'1015  phot  cm*2 

1.4-10-^  -  710-3 

PULSE  WIDTH 

3  pa 

POLARIZATION 

LINEAR 

REPETITION  RATE 

66.111  MHz 

SPATIAL  MODE 

TEMOO 

PEAK  POWER 

40  -  1000  kW 

BEAM  DIAMETER 

0.4  - 

1.6  no 

PEAK  ENERGY 

PHOTON  FLUX  1025  . 

0.1  -  3.0  mJ 

2'1027  phot  cm'28'1 

(at  1/e  amplitude) 

BEAM  DIVERGENCE 
(full  angle) 

0.3  - 

3  mrad 
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0  2  4M 


Schematic  diagram  of  the  NIST  RTM. 


NIST-RTM  Performance 


Origin*! 

0«*igfi 

M««4ur«d 

2/67 

Maaaurad 

6/88 

Naw  Qun 
Oatign 

Energy  (MaV) 

17-186 

6.6 

17 

•7-186 

Aworage 

current  (pA) 

660  mtx 

c« 

630  max 

ew 

300 

pwltad 

560  mtx 

cw 

Mleropulae 
length  (pa) 

3.6 

- 

* 

3.6 

Mleropulae 

fraquaney  (MHt) 

2360 

2360 

2380 

80.? 

Macroaeople 
duty  factor  i%l 

100 

100 

0.6 

100 

Energy  apraad  (IraVI 

40 

s 

16 

40 

Normalized 

10 

0.7 

2.4 

10 

•mittanc*  (pm) 


Advantages  of  the  RTM 
as  a  PEL  driver 

•  Good  emittance  -  short  wavelengths  and 

uniform  filling  factor 

•  Low  energy  spread  -  transform  limited  linewidth 

and  enhances  gain 

•  Good  energy  and  phase  -  wavelength  and  power 

stability  stability 

•  Continuous  pulse  train  -  no  pulse  to  pulse 

start-up  problems 

•  Electrons  not  recirculated  -  no  constraints  on 

through  the  undulator  undulator 

•  Broad  energy  range  -  broad  wavelength  range 


OUTPUT  EMITTANCES  FROM 
PARMELA  FOR  95%  OF 
BEAM  PARTICLES 


CHAHGE 

PER 

PULSE 

pC 

TRANSVERSE 

EIQTTANCE, 

(NORUAUZED) 

mm-mr 

LONGITUDINAL 
EMITTANCE, 
keV- DEGREES 

0.25 

0.7 

5 

7 

4.3 

17 

14 

6.1 

34 

4  ^ 


Limited  peak  current 


low  gain 
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Plan  viaw  of  tha  PEL  area  Including  the  undulator  (wigglar), 
mirror  poaltlona,  beam  atop,  ahlalded  aquipment  room,  and 
area  tor  electron  beam  exparimanta. 


Undulator  Design 

•  Hybrid  jndulator  (SmCo  permanent  magneta; 

vanadium  permendur  poles) 

•  Number  of  periods  -  130 

•  Period  length  -  2.8  cm 

•  Total  length  -  3.64  m 

•  Maximum  magnetic  field  -  0.54  T 

•  Minimum  gap  -  1.0  cm 

•  Taper  -  0.5  mm/m 

•  Vacuum  chamber  aperture  -  0.86  cm  (vertical) 

1 6  cm  (horizontal) 

•  Operation  in  full  or  half-length  mode 

Specifications  for  the  undulator  magnetic 
field  and  model  results 

Specifications  Model  Results 


Peak  Field  (kQ) 

5.4 

5.65 

Maximum  3rd  harmonic 

10% 

3.2% 

Sth  harmonic 

- 

0.5% 

7th  harmonic 

- 

0.2% 

Limit  on  transverse  field 

0.6% 

0.3% 

variation  (central  1.0  cm) 

RMS  error  (G) 

27 

- 

Vertical  field  integral 

23 

- 

error  (Q-cm) 

Horizontal  field  integral 

23 

- 

error  (Q-cm) 

0.0  0.4  0.8  1.2  1.6  2.0  2.4  2.8 


Oi  stance  -  z  (cm) 

0.60 
^  0.55 
^  0.50 
0.45 
2  0.40 

•  0.35 

^  0.30 

o  0.25 

i  0.20 

%  0.15 
°  0.10 
0.05 
0.00 

-5  -4  -3  -2  -10  1  2  3  4  5 

Distonce  -  *  (cm) 

Test  rssults  lor  tho  full*scals,  ono-porlod  model  ol  the 
megnetic  etructure.  la)  Megnetic  field  along  the  axle. 

(b)  Magnetic  field  tranaverae  to  the  axia 


Detailed  mechanical  etructure  of  the  undulator. 
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COMBRCIALLY-AVAHABLB  NHOUttS  for  HIST-NRL  FEL 
450  iM  to  850  iM 

Haiti' layor  Dielectric  on  Fuaed  Silica 
Bandirliltb:  i  50  ne 
Reflectivity:  0.9999 
Abaorptlon:  10-20  ppai 


Observed  to  be  negligible  at  250  kH/ca?  for 
cw  dyn  lasers;  ve  expect  <  50  kw/ca?,  average 
Calculated  distortion  In  steady  state  tislng 
finite  eleaent  analysis  aathod 


Daaage  threshold  Is  20  J/ca2  In  1  pa 
He  expect  0.25  J/ca2  in  1  pa 


Teniperature  and  Deformation  of  Mirror 


o  ‘'h 

«  leKy 


0.000  0.004  o.ooe  0.012  o.oio  0.020  0.024 

Rod i us ,  m 

Temperature  and  deformation  at  the  surface  of  a  mirror  from 
thermal  absorption.  Dashed  line  -  finite  element  analysis. 
Solid  line  -  analytical  solution. 


•  Froa  experience  at  other  FELa,  we  etcpect 
absorption  to  Increase 

•  He  are  calculating  haraonlc  radiation 

•  DfMcon  Research  In  Phase  I  of  OV- Induced 
daaage  study  for  nultl- layer  dielectrics  that 
aura  designed  for  240  na 

•  FS.  operating  paraaaters  must  be  adjusted  so 
that  the  harmonic  content  Is  alnlalzed 


.  4 


PflLSE  FLOOR 


4// 


/ 


•1  y  *250 
'  N«  130 


i/y*  ISO 
F|  N  •  130 


- €(,■  5  mm-itirad 

. €„•  10  mm-mrod 

- Cfi*20mm-mred 


y  •  100 

N  <65 


2.0  4.0 


Rodiotion  Wovelengfh  X  (pm) 

FEt  power  gain  va  wavelength.  (Shown  as  functions  of  the 
energy  and  emittance  of  the  electron  beam,  and  the  magnetic 
field  of  the  undulator.) 


FEL  Studies 


\ 


\  \ 
\*'\ 


VFCJJM  line  /  ^ 


\  'x2 


Dynamic  tuning  by  adjusting  the  undulator  gap 

Lasing  mode  and  gain  studies  vs  electron  beam  focusing 

Dynamic  variation  of  outcoupling  to  study  saturation 
and  to  maximize  output  power 

'  Measure  coherent  harmonics 

'  Dynamic  variation  of  taper  to  maximize  output  power 
>  Power  and  frequency  stabilization  by  feedoack 


Proposed  layout  for  the  FEL  user  facility. 
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Deformation,  nm 


EX2.2 


* 

SCA/FEL  Status 

T.  I.  Smith,  J.  C.  Frisch,  R.  Rohatgi,  H.  A.  Schwettman  and  R.  L.  Swent 

High  Energy  Physics  Laboratory 
Stanford  University 


Stanford,  California 

Abstract 

During  a  3-week  run  in  May-June,  1989,  the 
SCA/FEL  provided  18  days  of  FEL  beam  at 
16-18  hours/day.  The  FEL  operated  at 
3.5  ym,  and  in  a  20%  band  centered  at 
1.54  ym.  30  W  of  optical  power  was  ex¬ 
tracted  in  3  ms  macropulses  with  a  0.15% 
linewidth  and  a  3  ps  micropulse. 

Diffiogt^-weefca'iinMay'Juoe  1989.  the  SCA^EL  piovUed  lldeyiofFELbeemu 
16>  18  hours/day.  Modofcheoperaiioawatatawivekngifaof  1.54Mffl,butthetufiabiUty 
of  the  dieleoric  minoii  wu  stand  by  varying  the  wtvekatih  from  1.39  \im  to  1.65  ^  by 
changing  the  lioac  energy,  to  addinon.  chan(^g  narron  allowed  a  demomtratioo  that  the 
SCA/V^  can  succeaafuUy  osriHitr  at  wtvckogths  at  leatt  u  long  as  3  J  \Lm. 

At  1.5  ^m.  30  WofopQcal  power  was  extracted  during  3  fttsmacropalses  repeating  at  a  10 
or  20  Hz  rate.  TheUaewidmoftheradiatioa  was  0.15%,  coosisteat  with  the  traosnimi 
limit  of  the  3  pc  nncropultf  length.  The  micropulse  power  was  700  KW.  The  sepmdon 
between  miciopttlses  was  84.6  ns. 

Two  independent  groups  of  expernpeaten  soccessfally  doubled  the  li^t  tAto  the  visible, 
and  used  the  dm^M  in  mairrisis  acience  experiments  studying  pscosecorsd  processes. 

One  of  the  groups  took  advantage  of  the  SCA/FEL’s  long  tnicsopulae  separation  so  select 
individual  aucropulses  horn  die  pulse  train,  and  was  successful  in  obsmng  s  photon  echo 
m  a  dye  molecule/glass  system.  Another  group  of  experimencers,  ptvauing  the  concept  of  a 
gas  loaded  FEL  (CFE1.X  fUied  the  wiggkrwUh  5  lorr  of  hydrogen  and  observed  the 
expected  decrease  in  lasing  wavelength.  They  also  demonstrated  that  FEL  problems  due  ro 
electron  beam  induced  plasma  in  the  ;4S  were  much  less  severe  with  the  85  ns  pulse 
separation  than  to  previous  experiraer  s  with  a  350  ps  pulse  sepanuion. 

New  electron  beam  and  optical  beam  diagnostic  systems  allowed  collection  of  data  which 
had  previously  been  unavailable.  As  an  example,  when  the  optical  cavity  length  was 
adjusted  for  maximum  average  power  out  (significanUy  greater  than  the  30  W  quoted 
above),  lime  resolved  optical  spectra  cimriy  showed  the  growth  of  sidetMnds  as  the  power 
built  up  at  the  beginning  of  each  macropulse.  The  presence  of  sidebands  was  consistent 
with  the  rather  chzctic  nature  of  the  optical  power  1^1  within  the  macropulse.  As 
expected,  when  the  cavity  length  was  adjusted  for  stable  power  output  (30  W)  dunng  (he 
macropulse,  the  spectrum  of  (he  pulse  consisted  of  a  single  transfonn  limited  line.  Time 
resolved  electron  beam  spectral  data  allow  the  evolution  of  the  energy  spread  of  the  electron 
beam  to  be  studied,  as  well  as  allowing  a  comparison  to  be  made  betweCT  the  photon 
power  extracted  and  (he  electron  beam  power  losL  With  30  W  in  the  photon  beam.  56  W 
was  measured  lost  from  the  electron  beam.  (At  prrsfnt  we  don't  understand  the 
discrepancy).  As  a  final  set  of  examples,  emiuance  can  now  be  measured  before  and  after 
the  wiggler.  After  passing  through  the  wiggler,  the  nomaiiad  emittance  of  the  5.6  A  peak 
current  beam  was  measured  to  be  20  x  tnm  mr.  Before  the  wiggler  it  was  gx  mm  mr 

Optical  Spectra  in  Stable  and  Unstable  Modes 
at  1.5  Microns 


•  Macropulse  averaged  specira  (lop  Tigurc) 

•  Micropulse  specira  (boKom  figure) 

•  Unstable  mode  has  higher  power  (2  x  or  3  x), 
broader  spectrum.  Usable  power  in  narrow  bandwidth 
is  higher  in  the  stable  mode 

•  Absence  of  wavelength  jitter  or  slew  is  demonstrated 

by  the  fact  that  the  (stable  mode)  macropulse  spectrum  is 
just  as  narrow  as  the  micropulse  spectrum 


94305-4085  U.S.A. 

USERS'  EXPERIMENTS  IN  JUNE  1989 


•  Photon  echos  from  dyes  in  glasses  (Stanford) 

•  Non-linear  optics  (Princeton) 

•  Gas-loaded  FEL  (Stanford) 

Electron  Beam: 


Energy  66McV 

Energy  Resolution  .05% 

Macropulse  Current  200  |iA 

Macropulse  Duration  3  ms 

Macropulse  Repetition  Rate  10  Hz 

Micropulse  Duration  3  ps 

Micropulse  Current  5.6  A 

Normalized  Emittance  8  K  mm  mr 


Extracted  Optical  Beam: 


Wavelength 

1.54  y 

Spectral  Width 

.15% 

Macropulse  Power 

24  W 

Macropulse  Duration 

3  ms 

Repetition  Rate 

10  Hz 

Micropulse  Power 

700  Kw 

Micropulse  Length 

2.25  ps 

Time  Between  I^crc^ulscs 

84.6  ns 

Wavelength  shirt  (percent! 


Wavelength  shirt  (percentl 


1  Work  supported  by  ONR  N00014-86-K-01 18 


DETUNING  BEHAVIOR  AT  3.5  MICRONS 


Power  vs.  time  for  several  optical  resonator  detuning  lengths 
(top  figure) 

Macropulse  average  power  vs.  optical  resonator  detuning  length 
(bottom  figure) 

Zero  detuning  (d=C)  is  defined  as  the  length  for  maximum  power 

Unstable  power  vs.  time  (such  as  d=0)  is  associated  with  a  broad 
spectrum  and/or  discrete  sidebands 


TIME-AVERAGED  ELECTRON  BEAM 
ENERGY  SPECTRA 


•  Data  obtained  from  phosphor  scrccn/TV  camera 
(integrates  whole  macropulse) 

•  Narrow  peak  (reduced  by  2  x)  is  the  spectrum  with 
the  laser  off.  E  =  67  MeV 

•  Broad  :pectrum  is  with  laser  producing  30  W  at 
1.5  microns 

•  Centroid  shift  gives  energy  extraction  of  0.4%. 

The  TRW  wiggler  used  has  120  periods,  so 
1/2  N  is  0.42%. 


800  600  400  200  0  200  •‘>00 


\£  .fceV) 


TIME  RESOLVED  ELECTRON  SPECTRA 
DtRINO  LASER  Tl KN-ON 


•  Data  taken  from  16-wire  array 

•  Spatial  Resolution  is  lower  Ilian  that  of  the  phosphor,  but  temporal 
resolution  is  30  psec 

•  Tum-on  is  essentially  eompletc  alter  UO  p.see 

•  During  stable  operation,  the  wue  array  data  agree  well  with 
the  phosphor,  indicating  that  the  macropulsa  averages  are 
meaningful 

•  During  unstable  operation,  the  wire  array  gives  valuable 
information  on  the  electron  dynamics 


'000  800  600  400  200  0  200  400 

\E  .hPV' 
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EX2.3 

Cyclotron  Autoresonance  Maser  Experiments 
A.  DiRienzo,  G.  Bekefi,  C.Leibovitch,  B.  Danly 
Massachusetts  Institute  of  Technology 
Cambridge,MA  02139 

Studies  of  a  35  GHz,  1.4  MeV,  260  Amp  cyclotron  autoresonance  maser  (CARM) 
amplifier  are  presented.  A  bifilar  helical  wiggler  is  used  to  impart  perpendicular 
energy.  Radiation  is  generated  in  a  wiggler-free  region.  A  small  signal  gain  of 
91  db/m  has  been  observed  with  a  saturated  power  output  of  10  MW  (electronic 
efficiency  of  3%).  Methods  of  improving  efficiency  are  presented. 


WAVE  LAUNCHER 


BIFILAR  HELICAL 
WIGGLER 


cylindrical 

DRIFT  TUBE 


TO 

accelerator i 


FIELD  EMISSION 
CATHODE 


'ANODE 

AND 

EMITTANCE 

SELECTOR 


Fig.  1.  Schcfnatic  of  CARM  Experiment 
Brightaeas 


Beam  Eaetfir 
Total  Currcat 
Pube  Le&ftb 

Current  into  CARM 
Axial  Solenoid  Field 
Wiffler  Type 
Wiuler  Period 
Adiabatic  Uptaper  Length 
Uotapcred  Length 
Termiaattoo  at  Exit  of  Wiggler 
Wiggler  Field 
"i/e 

Wiggler  Free  Region 
Waveguide  Radiue 
Waveguide  Mode 


260A  — 

7  kG  « — 

Bifilar  Helical 
7  cm 
42  cm 
14  cm 

Single  Loop 

460  G  « - 

0.6 


Fig.  2.  Operating  Parameters 
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-15  -5  5  15 

AXIAL  POSITION  z  (cm)  ANGLE  (DEGREES) 

Fig.  7.  (Left)  Amplified  and  superradiant  power  generated 
by  CARM  os  a  function  of  axial  position. 

(Right)  Angle  scan  of  input  microwove  signal  (above) 
and  amplified  signal  (below)  to  show  similarity. 


FUTURE  WORK 
To  Improve; 

•  Perpendicular  Velocity  Spread 
Operation  at  Beam  Resonance 
•  Efficiency 
-Tapering  of  the  Axial 
Magnetic  Field 

Fig.  9.  Future  Work 


li- 


&UN 


CARn 


Fig.  8.  Computed  efficiency  and  growth  rote  as  a  function 
of  energy  spread.  Experimental  results  shown  by 
arrow  on  abscissa. 


AMPLIFIED  PrwER 
OPTIMUM  DETUNING 


I*  «»  t*  ••  IK  !«• 

*  (cfs'l 

Fig.  il.  Axial  magnetic  field  to  allow  for  high  current 

generation  os  well  os  operation  near  wiggler  resonance. 


Fig.  10.  Calculated  power  as  a  function  of  current  and 

enersv  spread.  Dotted  area  is  experimental  value. 


the  axial  magnetic  field  in  the  non-linear  CARM  region 


Conclusion:  First  successful  operation  of  a  high  power  (10  MW),  single  pass  amplifier 
CARM.  Future  increases  in  efficiency  of  power  planned. 


Reference;  G.  Bekefi,  A.  DiRienzo,  C.  Leibovitch,  and  B.  Danly.  S5  GHz  Cyclotron 
Autoresonance  Maser  Amplifier,  Appl.  Phys.  Lett.  54,  3  April  1989. 
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g  4  Bandwidth  Narrowing  by  Seed  Iigection  of  a  Free-Electron  Laser 

Avner  Amir,  J.  Finn  Knox-Seith  and  Michael  Warden 
Center  for  Free-Electron  Laser  Studies 
Quantum  Institute 

Unive'-sity  cf  California,  Santa  Barbara,  Ca.  93106 
We  show  recent  results  from  an  injection  seeding  experiment  at  the  UCSB  FEL  in  which  a 
low  power  molecular  laser  was  used  to  seed  the  FEL.  Narrowing  of  the  pulse-to-pulse  frequency 
bandwidth  as  well  as  earlier  startup  of  the  pulse  have  been  observed. 
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EX2.5 


140  GHz  Microwave  Experiments  in  ELF-II' 

A.  L.  Throop,  R.  A.  Jong,  D.  P.  Atkinson,  J.  C.  Clark,  B.  Felker, 

S.  W.  Ferguson,  M.  A.  Makowski,  W.  E.  Nexsen,  B.  W.  Stallard,  and  W.  C.  Turner 
Lawrence  Livermore  National  Laboratory 
University  of  California,  Livermore,  California  94550 


We  describe  the  modeling,  the  experimental  set-up,  and  initial  operating  results  for  ELF-II,  an  induction-linaw:  based  free- 
electron  laser  designed  to  produce  up  to  2  GW  of  peak  power  at  140  GHz.  ELF-II  is  the  initial  configuration  of  an  FEL  system 
which  will  eventually  produce  up  to  2  MW  of  average  power  at  a  frequency  of  250  GHz,  for  use  in  plasma  heating  experiments 
in  the  Microwave  Tokamak  Experiment  at  the  Lawrence  Livermore  National  Laboratory. 

*  W'ork  performed  under  the  auspices  of  the  US  Department  of  Energy  by  the  Lawrence  Livermore  National  Laboratory  under 
W'-7405-ENG-48.  ETA-II  accelerator  development  is  part  of  SDIO/SDC’s  induction  free-electron  laaer  science  and  technology 
program. 


The  ELF*n  experiment  will  provide 
an  Initial  evaluation  of  an  Inductlon-Unac 
microwave  FEL  for  plasma  heating _ 

OMwalw 

•  EwkiaM  pwunt  ETA-II  b«Mi  quallly  m  driwr  for  mleraonw  FEL 

-  Boom  curront,  brfghlnoos,  and  onorgy  IWnooa 

•  Um  ELF-II  to  Mr(y  FEL  timulmlon  eodoo 

-  High  pook-poowr  (2GW)  ot  hlghlroquaney  (140  Gita) 

-  High  omplillor  goin  (77  dB) 

•  EwkioM  guooLogliHl  rnknaotM  tranomiooian  OMr  long  diotoncoo 

-  Tnnoiniooton  officloncy 
*  UlcrowsiM  broohdoofn 

-  AUgnmonl  ond  voeuum  loowo 

•  OuoWoUw  owotuoNon  ;>f  nonUntr  piotmo  couiding 

-  Ploofflo  obooiption 

-  Bockoconor  inoloMIMoo 


Suboogutnl  uggrodto  will  tOow  oxporlinonlo  it  high  poworo 
(S  GW  pooh,  1-2  MW  ovongo)  and  highor-froquoncioo  (204  GHi) 


Design  parameters  for  ELF-II  experiment 


ETA4I 

ELF  alr-cera 

FEL 

AecBlsrator 

wigglw 

Intaracdloii 

V^.SMpV 

•  >  8A  cm 

•  140  GHz 

I^oZAkA 

•  L^>4Am 

(2S%  morgln) 

A 

J  « 1.0o  8 

<  a,  >2.720 

(IK  r)' 

T.>  20no 

.  ^  lipor>S«% 

W 

^M±1% 

•  PflFaOJHz 

•  2 1 8  cm  (mvoguMo 

y 

Ar  <  1  mm 

•  TE01  mode 

Calculated  wiggler-field  and  -gain  profiles 
for  ELF-II  af  140  GHz 


.U 


6  MeV,  2  kA,  1.0e8  A/(m  •  r)^,  50  W,  errors  =  11%,  1  mm,  0.5% 

TEOl  mode  profile 


Wtggler  length  (m) 
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ELF-II  and  microwave  system  for  Initial 


•  Quni  opficii  iwicroww 

-  4ir«Mpefin*rQr»(.  iTrM”) 

-  WtnJBuliM  miapert 

-  Totemik^a4R30eni 

•  RitfM«ngii<.33IIV/m 

•  flSMIt  OMIlMfRQ  MtrMOM  •  t4  mm  (QJ  ffir) 

•  CaleutaiH  TEffi  I«m  4 19% 


•  Spontar>«eu«  nolM  *  MO  mW/GHi 


Initial  microwave  transport  experiments  Indicate 


Status  of  ETA-Il  accelerator  for  ELF-II  experiments*  h 

^  iMW.  C.Nmvi4itl.lir4MiiMlfiport(po«mrMMtafi99.lf) 


Paramalar 

ELF-U 

raqulramanl 

PraaaMalaiua 

Arnoitfotor  ourront 

2J-3L0kA 

\  12kAM4.2MoVa 

Boom  OAorgy 

m 

taOMoV 

j  1.7  kA  al  0  MoV  (routlm) 

Boom  brtghtndoo 

Oi3-3lO 

>3.0  m  1.7  kA, «  MoV 

[xiO*— 

L  Cmrt’J 

Enatgy  aoaap 

i±1%  \ 

evor  \ 

i1%o«or10M 

PulMiaWlh 

i»m  j 

Baaw  laatlal  oHaat 

<  1  mm 

2-4mm 

Ban.  angular  oflaal 

<  10  mr 

10  -  20  mr 

Comparison  of  FRED  simulation  code  with 


WHVwIMtM) 


To  wMhki  •xpoilmontal  onor,  FREO  almuWion 
cod*  ilwws  good  agroamoM  arlth  moaaurad  curva 


Summary  and  plans _ 

•  WTA'B 

•  C«iMMpm9hA.1ll»Vli#ctor 
Cm  scNwm  mqwimtf  bifghams 

-  EMrormMpMMWMmObakiomMlimO 

•  ELF>n 

•  Ipw  tyiiMlUfMliiMWli  l»0tliU400A) 

-  PMkpMOTalOlMr 

•  OMnfgikiBUdi 

•  jlQrMWMl  wW*  imwdiiMt 

VMMdstf  on 

«  Brm  moMiimwtMto  Iwdlooio  good  OMowdioiM  oWdMey 

-  Adytmn  md  tfocwum  eompodbMtv  am  not  imfor  Iooum 

•  Wwr  wrinpiMO 

>  cyrmtt  ioeoiwttof  oporidM 

-  High  potwr.  lipomd  wlgtfir  opomdM 

-  ligh  gewMglOM»hoodngoa»>flmMi> 

Up^BdM  diffing  oorty  FV  to 

-  CT^n  to  1  ltM%  10  mo  egmdin 

inwH  iMa  WMWWVTs^iwi  wvg^V 

•  KVoiportmMt  >*4  0W 01140081.991% bum 
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TH2.2  ANALYTICAL  STUDY  OF  MULTIMODE  COMPETITION 

Isidore  Kimel  and  Luis  R.  Elias 

Center  for  Research  in  Electro-Optics  and  Lasers  (CREOL) 

University  of  Central  Florida,  Orlando,  FL  32816 

ABSTRACT 

A  theoretical  analysis  of  multimode  competition  in  FELs  is  performed.  The  system  is 
mathematically  described  by  a  set  of  coupled  differential  equations  (one  for  each  mode).  The  coupling 
coefficients  in  the  equations  are  obtained  from  a  perturbation  expansion  of  the  current.  The  result  is 
that  the  only  asymptotically  stable  solutions  are  single  mode. 


1 .  INTRODUCTION 

GIVEN  A  CHOICE:  WOULD  A  PEL  OPERATE 
SINGLE  OR  MULUMODE? 


PURPOSE  OF  THE  WORK: 

ANALYnCALLY  STUDY  MODE 
COMPETITION  IN  FEU 


ITEMS: 

*  Perturbadoo  theoiy 

*  Linear  tenn 

*  Nonlinear  terms 

*  Two-mode  oampetioon 
•Three  modes 

*  Many  modes 


The  usual  small  signal  gain  and  other  linear  properties  fol¬ 
low  from  this  first  order  terriL 

4 .  NONLINEAR  TERMS 

Saturation  effects  start  with  the  third  order  terms.  These 
are  of  the  form 

I  “fl.  (U.2). 

«  2  ’L  •(•9)  J 

The  derivation  of  which,  as  well  as  the  value  of  the  satura- 
bon  parameter  S,  are  given  in  previous  work.  There  are  two 
types  of  saturation  effects:  i)  Self  saturation  with  the 
intensity  of  a  mode  reducing  its  own  growth,  ii)  And  aossed 
saturation  whereby  the  intensity  of  a  mode  reduces  the 
growth  of  other  modes.  An  important  feature  is  that  FEU 
are  systems  with  strong  coupling  in  which  the  crossed  satura¬ 
tion  is  twice  as  strong  as  the  self  saturation  (u  ■  2). 


2 .  PERTURBATION  THEORY 


After  introducing  the  radiation  field  written  in  terms  of 
optical  modes  into  the  wave  equation,  one  obtains  the  evolu¬ 
tion  equation  for  the  mode  q  with  amplitude  and  phase  (j) 


where  Ot  represents  the  losses  per  pass  and  Jq  is  the  reduced 
current  that  drives  the  mode  q.  This  current  is,  of  course,  a 
nonlinear  function  of  the  mode  fields;  and  the  idea  k  to  per¬ 
form  a  perturbation  expatuton  in  powers  of  the  amplitudes 
as  in 


3. LINEAR  TERM 


The  linear  term  in  the  perturbatioa  expansion  is 

where 


X,-a,e 


5 .  TWO-MODE  COMPETITION 

Two  mode  competition  is  desenbed  by  the  system  of 
coupled  differential  equations 

In  order  to  see  what  is  the  composition  of  the  stable  states,  H 
is  convenient  to  transform  to  polar  coordinates 
ai(n)-r(Ti)cos0, 

Ojln)  -  r(n)sine. 


r^- R. 

In  terms  of  the  new  variables  the  system  of  equations  it 

-  *(n)|r- 1  -  i(u -  I  )sin'(2e) j|. 

dern)  1 

i)S/f(ii)s.n[40(n)]. 
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For  u  •  I  any  @  is  possible.  For  ocher  u  values  the  only 
cquilibiium  potats  are  0*0.  IC/4  and  1C/2.  The  stable  equi- 
nirtuiB  potao  are: 

Weak  couplingCu  <  1 )  •*  ©“^ 

{e  •  0.  pure  mode  I  ^ 

e.|.pur.  m«l.  2/ 

6. THREE  MODES 


For  three  nodes  the  situaCioa  is,  of  coune.  nore  eompU- 
cated  and  «e  have  bow  the  set  of  three  coupled  equadoas 

Ctrl  2 

ern  2 

— - ra3(r-S[a3^u(ai  ♦aj)]). 

ar)  2 

Transform  to  cyliodrical  coordioates 


QjCn)*  '■(Ti)cos(e), 

OjiT))  -  riT\)^in(e)cos{4>), 
a2(n)-'’(Tl)sinC©)sin(d>). 
r*-  Jf. 

ti^tb  these,  the  differeatiai  equahoof  cum  into 

«(r-uffS)*Cu-  i)*'s 
dn 

*(aiB*0[a»n^e(ijn*d»  co$*dJ*  cas'd  J). 

l)jrs|  isin*e(eos40*  3)-C6s*e  sto2e. 
dh  4  L  4  J 

-  ])j?Ssin*esin4^. 

dt)  8  ' 

Tbe  table  equiUbriua  itates  have  a  fised  rabo  of  the  differ* 
cm  Dodea.  That  correspoods  to  the  denvativet  of  tbe  c/iflei 
bcifii  equal  to  zero  at  points  of  miruin^  Froa  the  last 
equation  we  see  that  the  derivative  of  4^  vanishes  in  the  fol* 
lowisf  case* 


i)  0  ••0(pure  node  I). 

ti)6«0,  then  sin  4^-0  again  leading  to  ^0 
(no  JDode  3).  JC/2  (no  tnodc  2)  or  JC/4:  only  tbe  fimt  t«« 

being  (table  for  u>l.  With  sin  4C>-0ti>e  second  equation 

sinplifies  to 

l)^Ssin4e. 

di)  8" 

Since  in  this  case  0  «0  the  only  suble  poini  a  0«fC/2  (no 
mode  1). 

Tbut  we  see  that  also  in  the  case  of  three  competing 
modes,  only  tingle  mode  sates  arc  stshk. 


7 .  MANT  MODES 


For  0  modes  the  set  of  equations  is  (with  i  •  t,..n) 


da,(Ti) 

dr) 


-Cu-  Oaf 


])■ 


The  mode  ampbrudes  can  be  parametrued  at 
ai(n)-''(n)cos(0,). 


Q,  -  rstn  0|  cos©,  , 
a,  -  r  sin  0,  sin  ©,  , 

a,.,  •  r sin©,... sin©,., cos©,.,  . 

a, •  rsin 0,...sin ©,., sin©,.,  , 

A  generic  amplitude  it 

a,  -  rcos0,  |^sin0;.  (0.-0). 

Suppose  «t  are  interested  in  btewiag  whether  Oinse  gives 
modes  can  coemn  in  FEL  radiation  (ettbes  with  or  without 
other  modes);  assuming  thal  we  know  tbai  at  lead  one  of  the 
modes  exiiti.  AD  tbe  possible  modes  can  be  labeled  in  such 
a  way  that  the  three  in  question  are  (o-Z),  (o-l)  and  a.  In  the 
new  parametruation  tbe  evolution  equations  for  these  three 
modes  are 


dc  d6,.,  de 

cos®,.,— -  2itsin0,.,—r — •2ltcea0,.,)  cot®  ——2 
*dn  *  dn  '  dn 

“  ^co*®,.,|r  -  1  )cos*9,.,^sm’0,  . 


dJ?  dQ,.2 

sin  0,.  2  cos©,. ,  —  *  2^cos©,.2Cos0,.,  — t — 
an  an 

de«.,  w  d« 

an  r‘  dn 

-  ^stn©,.2Cos,.,{r-  ^S(u 

•  •3 

-(u  -  I  )sin*8,.2cos^0,.  1  sin*6,]>  , 


d#  d®«.. 

•in®,  .am®..  —  •2/fcoa®-.,fin®-.,— r— •2#«in9,., 
*  dn  dn 

de,.,  V.’  de, 

xcos©..,— : — *  2^sin,.,sin6,.,  )  cot©,— 

“  '  dn  •  ’  *  '  fTi  '  dn 


Combiaipf  these  equation  with  appropriate  coefftcieno  die 
mmfutiOD  equations  for  the  angles  are  derived.  They  read 


tfe-r 

df) 


•3)-cos*e„,jtin2e.,,. 


am’®,  j»in*e,.,iin  40,., . 

If  at  least  ooe  of  the  diree  modes  exist  then 

^  sin*©y  A  0  . 

which.  oatureDy.  is  positive. 

It  is  easy  to  see  that  tbe  discuntoo  for  only  three  modes 
alK  bolds  for  any  three  chosen  modes  out  of  a.  Meaning 
that  only  ooe  of  these  chosen  modes  can  exist  This,  of 
coune,  indicates  that  the  FEL  operates  tingle  mode. 
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TH2.4 


ANOMALOUS  (STIMULATED)  REFRACTION  INDUCED  BY  THE 
FREE-ELECTRON  LASER  INTERACTION 


F.  Hartemann  and  G.  Mourier 
Thomson-CSF/DTE,  781 1 1 ,  Vilizy,  France 

Receot  exp«nm«QtAl  [1]  and  theoretical  [2,3]  reeulta  have  suggested  that 
the  stimulated  refraction  effect,  also  referred  to  as  ‘^optical  guiding",  in  a 
F^ee-Electroo  Laser  (FEL)  may  have  a  strong  influence  on  both  the  mode 
content  and  the  gain  of  millimeter- wave  FELa. 

In  this  paper,  we  first  present  a  formal  method  alloa'ing  to  reduce  the  system 
of  linearised  equations  of  evolution  of  the  microwave  field  from  8  equations 
in  the  4-vector  potential  and  current  density  to  a  canonical  system 
of  4  PDEs  in  .4^.  This  formalism  is  very  general  and  can  be  used  for 
small-signal  analysis  of  any  beam-wave  interaction. 

We  then  specialize  this  set  of  equations  to  the  study  of  a  FEL  with  ax¬ 
ial  guide  field  and  helically  polarized  wiggler,  operating  with  a  cylindrical 
waveguide  interaction  region,  by  defining  the  appropriate  fluid  equilibrium 
and  boundary  conditions.  At  this  point,  the  3-dimensiooal  analysis  can  be 
performed  according  to  two  different  formal  methods.  One  can  either  And 
the  eigenmudes  of  the  system,  which  yields  both  the  gain  of  the  system 
and  the  radial  intensity  distribution  of  the  interacting  waves,  or  expand 
the  microwa^e  field  into  vacuum  waveguide  modes  and  make  use  of  the  or- 
thonorznality  of  these  modes  to  study  their  coupling.  In  the  latter  case,  the 
guiding  appears  as  an  actiNT  mode  conversion  effect. 

We  finally  apply  the  eigenvalue  analysis  to  the  design  study  of  a  millimeter- 
wave  FEL  and  show  that  for  some  parameters  the  gains  can  be  impro%’ed 
by  optical  guiding  effects. 

■1'  F.  Hartemann,  K.  Xu,  G.  Bekefi,  J.S.  Wurtelc  and  J.  Fajans.  Phys.  Rev. 
Lett.  59,  1177  (1987). 

2]  A.  FVuchtmaa.  Ph>'s.  Rev.  A3T.  2989  (1988). 

’3]  J.  Fajans  and  J.S.  Wuftele,  PFC  R-^virt  JA89-15  (1989), 


•  Present  address  Plasma  F\i5ion  Center.  .\f7T.  CAmbhdgt  MA  02139. 
VSA. 


•  Maxwell’s  Equatiooi  (Linearised  Source  Terms) 


6A  s  M<>e(no^v  +  vo^j. 


^dt60  +  ^  ■  6 A  =  0. 

e  Linearised  Equations  of  Fluid  Dynamics 


Idv  •  » - <  -  d,6A  •¥  bv  X  Bti 

>0^0  I 

-i-uo  *  ^  X  6A  +  di^.4)  I'o  “  ^ 


•  Canonical  Svstem  in  .4^ 

[di  -t-  u©  ^  +  V  ©o  —  Qo  *  +7o(ilo  * 


^  ^  — —  dfSA  +  wd  X  ^  X  iA  -i-  +  dt ^4)  ■  =0, 


+  ^  «4»0. 

‘’0"  refers  to  the  fluid  equilibrium  and  we  define 

n„  = 


3o  = 


Vo 


J 

■>©m*  c* 

A  specific  system  is  characterised  by  iu  fluid  eq.  and  boundary  conditions. 


VD  Thtwr  ^nWtag 

s  ReglOO  I  (vacuum)  ;  f*  <  e  <  «,  (w,(e)  =  0] 

^.4#(f,fl.i.()  =  -»■  SVV,(Xi'')]«»P!*(wi*  -  ki*  * 

N'acuuffl  Dispersion  Relatioo  {Di(k|,  Xi )  -  Oj 


•  Region  2  (beami  0  <  r  <  r*.  i-'f(r)  — 
B#*am  Dispersion  Relation  iDjIkj.  Xa)  =  0] 


s  Boundan  Coaditioos 

1 1  -‘A,ir  =  ai=0.  I  waveguide  wall ) 

2.  A^.4«(r  =  r*)  =  0,  (oo  3C  B-6eldfl 

i3;  =  r,)  =  0.  ( DO  surface  currents) 

Condition  |2)  must  be  verified  V  (.  2  and  fl 

*1  =  *<,  =  *r  fc,  =e  fcj  =  fc  /,  =  =  i. 

L  poo  eUmmatioo  of  the  amplitudes  .4.  B  and  C.  w«  obtain  a  third  equation 
Oo(  xi  -  Xa)  =  ® 

Solving  the  aonlinear  system  of  3  equations 

A)lXi.Xa)*0  f?i(k.x.|=0  Oj(i.t7t  =  0. 

for  the  3  complex  vanabirs  k.  xi  and  xa  yields  both  the  growth  rate  and 
mode  profile  of  the  FEL  loteractioo.  including  guiding  effects,  plasma  fre¬ 
quency  reduction.  E.M-wave  filbng  factors  etc 
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NORMALIZED  GROWTH  RATE  (8k/kw) 


^0^  2  ACCKLKHATORDKSION  AND  CALCULATKDPERFORMANCKOKTHK  LOS  AIJVMOSHIBAK  FACILITY 

Bruce  E.  Carlsteii.  l.luyd  M.  Young,  Michael  K.  Jones,  Barbara  Blind,  Ernest  M.  Svaton,  K.  C.  Dominic  Chan,  and  Lester  E.  T  hode 

liOS  Alamos  National  Laboratory,  MS  HH25  I-<t)s  Alamos,  NM  87545 


The  HIBAF  40'MeV  accelerator  and  beam  transport  have  been  designed  and  studied  with  ISIS  and  FARMELA  simulations.  The 
nominal  beam  parameters  for  a  5  nC  pulse  are  an  emittance  of  40  n-mm-mrad,  300- A  peak  current,  and  an  energy  spread  of  0.25%. 
We  will  discuss  the  major  design  issues  and  report  on  performance  expectations. 


The  HIBAF  (Hifb  Bn§btiMi  Accelerator  FEX)  tacility  la  the  ne%  FEL  acceterator 
•ipfrade  at  the  Loe  Aiaoiaa  NatioMl  Laboratory  currently  being  commiaaoncd  Although 
It  inclu^  cocBpooeou  from  the  prerMNM  accelerator,  it  m  virtually  a  near  ^eeigD.  rather 
than  a  loochftcatioo  ot  the  old  ooe.  It  locorporatea  recent  theoretical  idcae  on  maio- 
tajuiog  beam  quality,  and  also  uMgbte  learned  (rooi  atudyiag  problem  area*  lo  the  old 
machine  The  new  accelerator  uem  a  photocat  bode  to  replace  the  previoue  eubharmofuc 
buDching  eyttcin,  and  bur  accelerator  taoke  to  accelerate  the  beam  to 

40  MeV  After  acederatioo,  the  beam  m  ftret  beat  60*  by  ao  leochroiMMC  bend,  pinee 
through  an  FEL  oecilUlcr,  aod  Umd  ia  bent  ISO*  by  anothfc  laochroooue  bend  before  it 
encouDten  ao  FEL  ampliOcr.  Tbie  vip  the  FEl^  can  be  operated  lo  a  MOPA  (Matter 
OtciUator  Power  Ampitfttr)  conlgunlioo. 

old  new 

energy  30  MeV  40  MeV 

electroo  eource  tbcrmiouic  guo  pboioettbode 

nmtiance  160  v  mm  mrad  40  v  mm  mrad 

energy  tpread  O  S  %  0  2  % 

charge  per  bunch  S  oC  S  aC 

INSIGHTS  ON  VELOCITY  BUNCHING 
FROM  PREVIOUS  STUDES 

•  Thaimionc  guns  shotid  tM  planat.  and  nol  focus  iha  beam 
down  10  a  narrow  waisi  The  lane  dependeni  naiuia  of  Iha 
space  charge  aisida  (Ice  piiaa  causes  Allareni  aspension  laias 

•  For  charges  of  5  nC  or  more,  vetocily  bratclMrg  lo  20  ps 

or  less  slows  sigtafeant  amounts  of  panicles  to  escape,  leadaig 
lo  a  large  anaegy  varialion  and  aiiarcapbon  by  the  beam  wal 

•  VelocMy  buncharg  elao  aitroducas  an  energy  spread  aiio  Iha 
beam  which  becomes  tharmakied 

•  Otlarenl  parts  of  the  beam  scaiop  with  diflereni  periods 
ai  the  long  (till  requred  arvl  gel  out  of  phase  if  there  era 
signticanl  curreni  variaiions  learang  lo  amiiiance  growth 

INSIGHTS  ON  PHOTOCATHODES 
FROM  PREVIOUS  STUDES 


HIBAF  BEAMUNE 


iNsiorrs  ON  wakefelds 

FROM  PREVIOUS  STUDES 


•  WakeMda  for  B  nC  buicfws  can  seedy  be  100  kV 

•  Evan  ralativaty  amal  wakaMds  in  a  band  can  make  it 
axDanwty  nonaohromalic 

•  Beampejaa  ai  bends  must  be  luge  enouiri  so  that  the  wti 
currtntt  taacoetad  «Mth  the  bunch  do  not  tee  aitanuptiona 

ai  the  wale 

•  Nocasochronoua  bends  can  lead  lo  amtiance  growth  |uat 
from  the  potenW  reritliiiution  in  the  bunch.  whKh  chenget 
■he  perbefet  kaiebc  energy 

•  Efiects  of  waksfietda  acaic  as  the  aivsrte  of  the  beam 
energy 

PHOTOWJECTOR  DESIGN  CONSIDERATIONS 


•  No  appreciable  beam  atlarcaplion  is  alowed  naar  the  cathoda 

•  The  beam  edges  mey  develop  large  amittatKas.  alitxtugh 
the  canter  remaeta  axtramefy  bright 

•  A  sargle  axternaf  sotanoid  can  both  provKie  good  downstream 
(ocusatg  and  alow  for  compensation  of  the  nonbnear  space  charge 
forcas  to  ragaei  whole  beam  brightness 

•  The  solenoid  must  be  relatively  smal  at  dameiar 

•  The  gradwni  ai  the  fast  cal  must  be  matched  to  the 

cel  and  solenod  sue  Either  too  smal  or  too  large  a  gtarlant 
wiH  aiterfere  with  the  compensation  process 


’  The  desi^i  mutt  use  ■  10111  tenatar  sotanoid  and  a  smaltr 
buctung  col 

•  RF  locusaig  can  ease  the  aue  requatmant  on  the  coda. 

but  It  reducas  the  gtadent  on  the  cathode  and  aitioducaa  strong 
nonSnear  ladW  RF  loicaa 

•  Longpludaial  space  charge  tercet  era  partialy  companaatad 
by  the  change  ai  RF  pfieae  the  beam  ends  tea 

•  Varyayg  the  aatial  phase  affactnraly  vttiet  iha  amount 

of  RF  tecutaig  and  gradMnf.  but  not  the  beam  expansion 

•  A  smalar  cathoda  hates  keep  tht  amitarKS  ganaraled  by 
RF  fields  down,  but  aicreatat  effects  from  space  charge 
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OUR  PHOTOINJECTOR  DESIGN 


•  We  st8Y<^<^  dt  i  3  GHz  so  we  could  use  our  old  klystrons 

•  BreakcJown  t*e*d  for  a  KX)  ;/S  puise  ts  about  60  MV/m 

•  We  chose  an  mterrr^edMite  RF  focusing  case  for  maximum  flexibiiitv 

•  A  half  wavelength  long  first  cell  provided  the  right  phase 
delay  for  the  second  ceU  man  mode  structure 

•  Two  external  soleno«ds  were  poi>.(ior>ed  arourKl  the  first 
lank  to  provide  effective  position  control 

•  Only  S4X  ceils  could  be  driven  in  the  first  tank,  accelerating 
the  beam  to  6  MeV 


150°  BEND  OPTICS 


HORIZONTAL  F\ANE 

i 

!  ver7x:al  plane 


•  We  expect  good  performarKe  from  both  a  5  and  6  mm  cathode 


DESIGN  SENSmvmES 


NofTvtal  stobAty  of  the  RF  is  1°  of  phase  and  0  f%  n  arnpltuda 
Hare  we  show  the  affects  on  energy  spre^.  amrttenoa  and  peak 
curani  from  vwious  errors. 


Ertiif 

Memo  Energy 

Energy  Spread 

Emiilaace 

Pe*lt  Current 

l■•>fK 

39  8  MeV 

0  23% 

33  V  mm  mrad 

300  Ainperr* 

IU%  mor«  rh^Ke 

398 

0  30% 

30  r 

270 

10%  lea*  charge 

398 

0  23% 

31  * 

300 

n  5%  higher  ri  fteld* 

400 

0  23% 

30  e 

7 

0  S%  luf^f  rf  ftelci* 

390 

0  33% 

30  > 

270 

2  S*  ph**r  Mlvanre 

400 

0«3% 

31  e 

300 

7  5*  pbaae  rlelaf 

39« 

0  33% 

33  e 

300 

DESIGN  IMF>ROVEMENTS 

Not  so  much  RF  focusing  is  needed,  and  less  would  imprrove 
the  omittance. 

Alternative  shapes  lor  the  first  cel  have  a  higher  ratio 
of  cathode  field  to  peak  surface  field  The  gradient  we  used  is 
probabty  quite  a  txt  smaler  than  the  optinum 
A  quad  snglet  after  tank  B  would  pirovide  better  focusing 
for  the  UlTf  measurements  after  tank  D 
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A  Development  of  a  Tandem 
Electrostatic  Accelerator  Quasi- CW  FEL 

A.  Cover,  E.  Jerby  and  H.  Kleinman 
Faculty  of  Engineering,  Tel  Aviv  University,  Ramat  Aviv,  Israel 
I.  Ben-Zvi,  B.V.  Elkonin,  A.  Fruchtman  and  J.S.  Sokolowski 
Dept,  of  Nuclear  Physics,  The  Weizmann  Institute  of  Science,  Rehovot,  Israel 
B.  Mandelbaum,  A.  Rosenberg  and  J.  Shiloh 
Dept,  of  Applied  Physics,  Rafael,  P.O.Box  2250,  Haifa,  Israel 

G.  Hazak  and  O.  Shahal 

N.R.C.-  Negev,  P.O.Box  9001,  Beer-Sheva,  Israel 

ABSTRACT 

The  EN  Tandem  Electrostatic  Accelerator  at  the  Weizmann  Institute  of  Science 
has  been  converted  into  an  electron  accelerator  with  beam  power  recovery.  We  report 
on  the  design  and  performance  of  the  accelerator  as  well  as  on  a  new  approach  to  sta¬ 
ble,  long  pulse  operation  of  this  class  of  machines.  The  long  pulse  mode  of  operation 
offers  interesting  possibilities  for  the  operation  of  Free  Electron  Lasers,  in  particular 
studying  of  high  coherence,  single  mode  operation. 


A  simplified  schematic  of  the  tandem 
accelerator  including  the  FEL. 


The  terminal  voltage  behaviour  as  a  result 
of  a  short  (65  fxsec)  beam  pulse  (upper 
trace);  Vq  =  2.7  MV; 
vertical  scale  =  6.4  kV/box; 
horizontal  scale  =  20  /zsec/box. 

The  lower  trace  represents  the  collector 
current  -  vertical  scale  =  100  mA/box 
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Table  6-1  FEL  Experiment!  with  Tandem  FEL 


Expel  iiiicnt 

Typo  of  FEL 

A 

pain 

Loss 

net 

(l)mm 

Internal  waveguide 

resonator  6  MeV 

4.4  cm 

3  mm 

100% 

20% 

80% 

(2)Fni 

Internal  waveguide 

resonator  6.5  MeV 

4.4  cm 

300/im 

46% 

16% 

30% 

(3)Mm 

Externol  open 

resonator,  Optical '  6.6  MeV 

4  mnt 

15yim 

70% 

6% 

06% 

klyilron 


Table  6-2  Motle  Competition  Parametera  of  FEL  Experimente 


Expcriinciil 

X 

1 

t 

il 

h 

hsA 

isM. 

(1)  niin 

1-6 

-17 

278 

3-12  ns 

61-200  ns 

0.8-3. 3  /IS 

(2)  FIR 

1-3 

147 

2.ixl0< 

6'  16  ns 

.7-2.2  /js 

100-300  //s 

(3)MIR 

1-14 

1875 

3.5x10® 

43-COO  ns 

.08-1.1  ms 

.16-2.1  s 

I 


Reference 

1.  E.  Jerby,  A.  Cover,  S.  Rushin,  H.  Kleinman,  I.  Ben-Zvi,  J.S.  Sokolowski, 
S.  Eckhouse,  Y.  Goren  and  J.  Shiloh,  Nucl.  Instr.  and  Meth.  A259, 
263(1987). 
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P3.1 


Mode  Stability  in  a  Sheet-beam  Free  Electron  Laser  with  Sidewalls 


Edward  R.  Stanford  and  T.M.  Antonsen,  Jr. 

Laboatory  for  Plasma  Research. 

University  of  Maryland  at  College  Park,  College  Park,  MD  20748 

Abstract:  A  nonlinear  time-evolution  equation  for  the  transverse  mode  structure  of  the  radiation 
amplitude  in  a  sheet  beam  PEL  is  derived.  Equilibria  of  this  equation  are  found  numerically.  Equilibrium 
mode  stability  for  such  PEL'S  is  investigated  both  numerically  and  analytically,  determining  stability 
ranges  for  single  and  double  mode  PEL  operations. 

Fiinire  la:  General  Layout,  End  View 
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Amplitude 


FIGURE  2 I  The  Hybrid  Mode 


Fleur*  3:  R*tioM  of  SUblUly 
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Figure  4:  Regional  Boundaries 
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P3.2  Resonator  Mode  Matching  for  Free-Electron  Laser  Optical  Guiding 

K.  C.  Sun 

Rocketdyne  Division  of  Rockwell  International,  Canoga  Park,  CA  91303 

B.  D.  McVey  and  R.  L.  Tokar 
Los  Alamos  National  Laboratory,  Los  Alamos,  NM  87s545 

The  FELEX  code  is  used  to  evaluate  optical  guiding  on  a  grazing  incidence  resonator  at 
Boeing’s  PEL  facility.  The  results  indicate  that  a  high  brighmess  e-beam  requires  a  resonator 
which  is  “mode  matched”  to  curvature  changes  caused  by  optical  guiding.  However,  mode 
matching  is  not  necessary  for  a  low  brightness  e-beam. 


INTRODUCTION ;  Optical  guiding  produces  a  mismatch  between  the  laser 
beam  curvature  and  resonator  focal  lengths.  This  mismatch  can  cause  a 
major  reduction  in  power  extraction.  However,  this  mismatch  can  be 
eliminated  by  refocusing  the  resonator  via  a  process  called  mode  match¬ 
ing.  Resonator  mode  matching  is  by  either  two  deformable  mirrors  or  re¬ 
positioning  (i.e.,  despacing)  two  paraboloid  mirrors. 

BACKGROUND:  Boeing’s  0. 63  p.m  wavelength  FEL  experiment  has  a  100 
MeV  RF  linac  accelerator,  a  5-m  wiggler  and  a  60-m  long  grazing  inci¬ 
dence  ring  resonator.  The  experiment  has  already  been  designed,  fabri¬ 
cated  and  installed  at  Seattle.  Various  effects  may  cause  lower  electron 
beam  brightness.  The  resonator  does  not  have  deformable  mirrors  but  we 
can  despace  the  paraboloids. 


PROBLEMt  What  is  the  impact  of  a  lower  brightness  electron  beam? 
How  effective  is  paraboloid  despacing? 

RESULTS:  High  brightness  electron  beam  requires  mode  matching  by 

paraboloid  despace. 

Paraboloid  despace  gives  same  mode  matching  perform¬ 
ance  as  deformable  mirrors. 

Mode  matching  may  not  be  required  for  low  brightness 
electron  beam 

OUTLINE:  1.  Gain  Medium  Parameter 

2.  Resonator  Description 

3.  Single  Pass  Amplifier 

4.  Resonator  with  High  Brightness  Electron  Beam 

5.  Resonator  with  Low  Brightness  Electron  Beam 


Gain  Medium  Parameters 


Gain  Pammawra 

<~f^  f 

(High  Brtghinaaa) 

Caa82 

(Low  Brtghtnaat) 

Avwaga  Currant  (A) 

300 

Klnadc  Enargy 

211Z 

211.5 

Enaigy  Spread  (%) 

1.0 

0.5 

X-EmManoa  (enwad) 
(amnHniadal90%) 

37 

140 

V-EmManca  (enwad) 

(»  mnwnrad  at  90%) 

37 

100 

Raladva  Brighinata 

15.3 

1.0 

W)0Blar  Langdi  (cm) 

500 

aamt 

Wlgglar  Parted  (cm) 

2.18 

sama 

Maa.  Magnalle  F)ild  (G) 

8755 

8700 

EnaigyTapar(%) 

7.7 

3.9 

INEX  Code  Predicts 
Electron  Beam  Performartce 

I  w 


Grazing  Incidence  Ring  Resonator 
with  Grating  Rhomb 


Reduced  (200A)  Current  Yields 
Lower  Gain  and  Extraction 


HypartMlQM 


Hypwliolold 


I’wj 

8 

*  100 

f 

*  so 
0 


6 

- - - — - — . — - - — — - f 

' 

1  o 

E  5 

300A  Current  1 

1  300A  Current 

g* 

S%  Taper  j 

.  BMipw 

1  * 

a'  r 

1  \ 

w  3 

•  1  , 

_ 1 

200A  Current  \ 

4%  Ttper  \ 

t  \  » 

U  1 

_.*^200A  Current 

oJ 

4%  Teper 

Oulpul 


t0«  tO’  10*  10»  lO’C  10" 

Input  LaMr  Power  (W) 


10®  10’  10®  10®  lO’O  10" 

Input  Laaor  Powor  (W) 


•  J0»A 

"196 


P3.3 


THREE-DIMENTIONAL  SIMULATIONS  OF  SIDEBAND 
IN  A  MILLIMETER-WAVE  FREE  ELECTRON  LASER 

YangZhenhua  Tian  Shihong  Jiang  Youming 
Institute  of  Applied  Physics  and  Computational  Mathematics 
P.O.Box  8009,  Beijing  100088 
Beijing,  People's  Republic  of  China 


In  this  paper,  we  presented  a  three  dimentional 
physical  model  and  simulating  technique  for  sideband  in¬ 
stability  in  a  millimeter  wave  free  electron  laser.  With 
this  3—D  code,  we  investigated  the  effects  of  various 
parameters  on  and  the  quantitative  conditions  for  pro¬ 
ducing  sideband  instability  in  a  rectangular  waveguide 
FEL. 


We  presented  a  three  dimentional  physical  model 
and  simulating  technique  for  sideband  instability  in  a 
millimeter  wave  FEL.  A  millimeter  FEL  must  operate 
in  a  waveguide  because  the  wavelength  of  the  radiation 
is  long  and  diffraction  is  very  strong,  here  we  choose  a 
rectangular  waveguide.  Like  LLNL's  FRED^  ,  our 
equations  include  that  the  electron  energy^s  and 
pandermotive  phase's  evolving  equations  in  terms  of 


dz  y  a,  St 

It  / 


o  (7,)e  (r ) 

^  iri 


averaged  single-particle  derived  by  KMR*^^,and  the 
field  equation  based  on  paraxial  wave  equation,  and 
the  electron  betatron  equation. 

Physically  sideband  instability  results  from  the 
slippage  between  the  light  pulse  and  the  electron  pulse 
in  FEL.The  slippage  is  custaomarily  considered  to  oc¬ 
cur  because  the  microwave  travels  at  while  the  elec¬ 
tron  travels  at  some  Vn  <  F,.  The  slippage  couples 
diffrent  longitudinal  slice  of  electron  beam,  but  differ¬ 
ent  slices  of  electron  beam  is  just  possess  of  diffrent 
phase  about  synchrotron  oscillation  of  electrons  in 
buckets.  It  is  possible  that  the  slippage  couples  diffrent 
longitudinal  slices  of  electron  beam,  and  can  lead  to 
growing  modulation  in  light  intensity. 

The  equations  simulating  sideband  instability  are 


(1) 


80 

dz 


30. 


V  8t 

II 


k  -i-Sk-- 


(O 


CO  /c 


-  2aJ7^)a^{7^)f^cos  (0^  +  <!>,)-*-  >  ] 


(2) 


1  5c  \  Ineto  j  "  sin(0,-i-<^  ) 


i  5<l>  \  27tCCO  /  * 


cos  (0^  ) 

y. 


(3) 

(4) 
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Where,  the  electron  position  F^is  described  by 

betatron  equations  and  —  cj^  1  +  Jk^  /  ik*  j  *  is  the 

group  velocity  of  the  microwave  in  the  waveguide. 

In  order  to  deal  with  the  slippage  between  the  light 
pulse  and  the  electron  pulse,  we  divide  the  microwave 
pulse  and  the  electron  beam  pulse  by  ^respectively,  that 
is  light  pulse  to  consist  of  by  a  series  of  nlight  points 
and  electron  beam  to  consist  of  by  nslices  (groups)  .Ev¬ 
ery  light  point  and  electron  slice  are  respectively  des¬ 
cribed  by  equations  (l)-(4).  For  a  flxing  light  point,  it 
will  interact  with  the  slice  which  has  same 
delayed-time  as  the  light  point.  Finally,  the  spatial 


Fourier  transform  of  the  light  pulse  at  the  end  of  wig- 
gler  is  calculated  and  electric  field  amplitude  versus 
wavelength  is  given.  The  special  conditions  producing 
the  sideband  instability  will  be  given  in  details  on  the 
paper  for  proceedings. 

[1]  TJ.Orzechowski,  E.T.Scharlemann,  B.Ander8on  et 
al.,  IEEE  J.Quantum  Electronics,  QE-17(7)  831 
(1985). 

I2]  N.  M.  Kroll,  P.  L.  Morton,  and  R. 
Rosenbluth,  IEEE  J.Quantum  Electronics,  QE-17(7) 
1436(1985) 
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P3.4  DEVELOPMENTS  IN  ON-LINE.  ELECTRON  BEAM  EMITTANCE 

MEASUREMENTS  USING  OPTICAL  TRANSITION  RADIATION  TECHNIQUES 

R.  B.  Feldman,  A.  H.  Lumpkin,  D.W.  Rule*,  R.B.Fixito* 

Loe  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  875^4,  USA 
*Naval  Surface  Warfare  Center 
*SiIver  Spring,  Md.  USA 

On-line  monitoring  of  electron  beam  emittance  can  facilitate  optimization  of  free  electron  laser  performance  and 
provide  critical  input  data  for  FEL  simulation  programs.  Using  optical  transition  radiation  techniques,  we 
simultaneously  record  both  beam  spot  and  divergence  information  from  a  single  macropulse.  Our  system  provides 
real-time  qualitative  and  on-line  quantitative  emittance  measurements. 


Schematic  of  OTR  Experiment 
(  Los  Alamos  ) 


*IITICUI.ATOH 


•PROFILE 
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Y  PnOFILE  y  AXI! 
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Optical  Design  and  Performance  of  an  XUV  PEL  Oscillator 
John  C.  Goldstein,  Brian  D.  McVey,  and  Brian  E.  Newnam 


Croup  X-h  MS  E531 
Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 
U.  S.  A. 


A  study  by  numerical  simulation  of  the  performance  of  a  multifacet  metal  mirror  ring  resonator 
EEL  oscillator  is  presented  for  several  XUV  wavelengths.  Laser  performance  in  the  presence 
of  mirror  aberrations  and  thermal  distortion  is  calculated  for  two  different  output  coupling 
methods,  a  scraper  mirror  and  a  hole. 


Outline.  Generel  properties  of  the  ring  optical  resonator  for  XUV  FELs. 


•  We  describe  some  of  (he  charecteristics  of  the  ring  optical  fesonator  whidi  was  used  to 
calculate  (he  performance  of  an  XUV  PEL  at  four  difTetent  wavelengths:  100  nm,  SO 
mn.  1 2  ran,  and  4  nm. 

•  We  then  present  the  results  of  the  laser  performance  simulations  at  each  of  the  four 
optical  wavelengths. 

•  We  next  present  some  results  on  the  effects  of  spherical  aberration  on  one  of  the 
mirrors  of  the  ring  resonator.  This  represents  a  flret  attempt  to  characterize  the 
tolerable  level  of  mirror  aberrations  in  these  devices.  In  (his  study,  we  limit  ourselves 
10  spherical  aberration  only 

•  Fmally.  we  discuss  tome  preliminary  findings  on  (he  effects  of  thermal  distortion  of 
the  minors  on  the  operation  of  these  XUV  FELs. 


The  reaonaior  oomists  of  two  multifacet  metal  end  minoa  and  two  gfuing*angle-of- 
incidence  minors  ("grazers”).  Each  grazer  has  a  reflectance  of  9S.2  %  and  a  focal 
length  of  >2  m.  Ea^  metal  retroreflector  has  6  facets.  5  of  which  ate  flats  and  one  of 
which  is  a  paraboloid.  The  curvatures  of  the  paraboloida]  elemenu  am  choaea  to  yield 
a  lowesl-order  Gaussian  mode  with  the  desired  Rayleigh  range.  The  Rayleigh  range  is 
typically  chosen  to  equal  about  1/2  of  the  wiggler’s  length,  and  this  variea  with  the 
operating  optical  wavelength  as  does  the  total  reflectance. 

The  oulooupling  is  accomplislied  cither  with  a  acraper  minor  placed  in  the  middk  of 
the  hack  kg,  or  a  hok  in  the  first  flat  mirror  of  the  downstream  retroteflecttn. 

The  loundtrip  optical  path  length  in  the  unloaded  icaonaior  it  almost  exactly  dO  m. 
The  width  of  the  resonator.  1.37  m,  is  not  shown  to  scak  in  the  schematic. 
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Simuiation  resutts  for  an  optical  wavelength  of  100  nm. 

Electron-beam  parameters: 

mean  energy:  I  M.46  Mev  (y  «  36 1 .685) 

peak  current:  300  A 

fractional  energy  spread  (SyT)'  0- 1 55  % 

"90  %"  normalized  transverse  emitunce  ■  31  n  mm*mr 
Optical  parameters: 

reflectance  of  each  multifacet  metal  mirror:  90  % 
empty  cavity  Raykigh  range:  I J  m 
Wiggkr  length  L^  ■  3  m 

Cakttlaied  performance:  maximum  small-signal  gam  1 1 .21  at  X  «  100.05  nm; 
threshold  gam  128. 

Maximum  output  power  of  58  MW  with  a  scraper  mifTor  of  radius  0.575  cm;  lower 
output  powers  were  obtained  with  hole  coupling  apparently  because  the  hole  caused 
the  optical  mode  to  diverge  through  the  wiggler  and  thus  to  be  considerably  larger 
than  the  optical  spot  in  the  wiggler  using  the  scraper  mirror. 
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Simulation  results  for  an  optical  wavelength  of  50  nm. 

•  Electron-beam  parameters: 

mean  energy:  261.4  Mev  (y*  51 1.5) 
peak  current:  300  A 

fractional  energy  sptead  (fi/T):  0.155  % 

“90  %"  normalized  transverse  cmitUnce  ■  31  n  mm  mr 

•  Optical  parameters: 

reflectance  of  each  multifacet  metal  mirror  70  % 
empty  cavity  Raykigh  range:  2  m 

•  Wiggkr  length  «  5  m 

•  Calculated  perfwmance:  maximum  small-signal  gain  1 2.0  at  X  «  49.96  nm;  thteahoM 
gam  2.1 163. 

•  Maximum  output  power  of  21 .5  MW  with  hok-coupling;  hok  radius  0.225  cm.  Scraper 
mirror  output  did  not  exceed  14.5  MW. 

t 
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Simulation  results  for  an  optical  waveleng#)  of  12  nm. 


Simulation  results  for  an  optical  wavelength  of  4  nm. 


Eiectron-beatn  parameters: 

mean  energy:  534.3  Mev  (y*  51 U) 

peak  cunent:  300  A 

ftetonal  energy  spread  0.1  % 

%**  normalized  transvene  emittance  «  23.4  n  mm-mr 
Opticd  parameieis: 

reflectafrce  of  etch  multifacet  metal  mirror  60  % 
empty  cavity  Rayletgh  range:  5  m 
Wiggler  length  ■  12  m 

Cakmlsttd  performance:  maximum  smatl-aignal  pin  14.04  at  X*  11.94  nm:  thrcahokl 
pin  2.88. 

Maximum  output  power  9.5  MW  widi  hole-coupling',  hole  radios  0.0578  cm. 


•  Electron-beam  parameters: 

mean  energy:  919.8  Mev(y«  1800) 

peak  current:  400  A 

fractional  energy  spread  (5>ry):  0.1  % 

*90  %”  normalized  transverse  emittance  «  10  a  mm-tm 

•  OpticaJ  parameters: 

reflectance  of  each  multifacet  metal  minor  35  % 
empty  cavity  Rayleigh  ranp:  6  m 

•  Wigi^lengthL^*  12  m 

•  Calculaied  performance:  maximum  small-signal  pin  14  J  at  X  «  4.026  nm;  threshold 
pin  8.465. 

•  Maximum  output  power  4.89  MW  with  hole-coupling;  hole  radius  0.0263  cm. 
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Effects  of  spherical  aberration  on  the  performance  of  XUV  FELs. 

•  We  have  introdtxred  third  order  spherical  aberration  into  the  phase  front  of  the  light 
via  the  Zimike  polynomial  Zl  3  in  the  following  way:  the  optical  phase  4  is  written 
M  ^  ^  ^  (2Tia/X)  ZI3.  where  a  is  the  mapitude  of  the  aberration  in  waves  and 

Z13  »  6p*-  6p^  +  I.  Here  p  ■  r/r^,  where  is  a  "normalization  radius*  which  dermei 
the  actual  radial  scale  of  die  aberration. 

•  We  calculated  the  effects  of  introducing  the  aberration  only  at  the  flrit  paraboloidal 
mirror  of  the  ring  resonator. 

•  We  have  reached  the  following  conclusiom: 

( 1 )  The  scale  size  is  crucial ;  if  r^»  spot  size,  the  magnitude  of  the  abenation  is 
snulf  over  the  optical  beam  radius  and  the  efTecta  an  small.  We  calculated  for  the  50 
nm  oscillator  that  for  *  4  cm.  the  output  power  was  rediuced  by  0.5  relative  to  the 
unabemted  case;  for  r^  •  2.46  cm  (3  limes  the  optktl  spot  size  in  the  unabemsed 
case),  the  output  power  dropped  by  a  factor  of  0. 1 5  (for  a  *  0.5  X). 

(2)  For  ■  3  x  unabemted  spot  size,  we  found  for  all  four  XUV  wtvelengtha  that  an 
amplitude  of  0.2  X  reduced  the  output  by  a  few  percent.  0.5  X  reduced  (he  output  by  a 
larp  factor  (70.g5  %),  and  1 .0  X  prevetNed  laser  action  entirely. 
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Compensation  of  aberration. 


•  We  atiemptod  to  compensate  for  the  presence  of  spherical  abemtion  by  changing 
various  elements  of  the  resonator  from  their  values  in  the  unabemted  case. 

*  We  reduced  the  oulcoupling  to  reduce  the  total  cavity  losaea.  We  found  amall 
improvement  in  the  case  of  0.5  X  of  spherical  abemtion.  but  ihia  method  did  not 
succeed  at  all  with  1 .0  L 

•  We  refocused  (he  curved  minors  of  (he  resonator  in  the  following  sense:  the  radius  of 
curvature  of  (he  first  paraboloid  was  changed  so  as  to  recover,  approshnalely.  the 
same  spot  size  on  the  second  paraboloid  as  in  the  unabemted  case;  the  curvature  of 
the  aecond  paraboloid  was  changed  so  as  to  recover,  approximately,  the  same  Rayleigh 
range  of  the  light  after  reflection  from  that  minor  as  in  the  i  labemied  case.  We 
found  that  this  scheme  wofted  well  for  t  modestly  strong  abemtion  (0.5  X  with  ^ 

cm  for  the  50  nm  oaciflator)  in  the  sense  that  almost  the  flill  output  power  of  die 
tmabemted  case  was  recovered  in  steady-state. 

*  We  have  yet  to  try  to  compensate  for  the  abemtion  by  leaving  the  radii  of  curvaiurea 
of  the  paraboloids  unchanged  but  slightly  moving  (heir  positiom  so  as  to  accompltsh 
the  same  beam  adjustmems  as  devrnbed  above.  We  believe  (hat  this  will  prove  to  be  a 
successful  method  of  compensaikm  as  well. 
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Preliminary  results  on  the  effects  of  thermal  distortion.  Summary  and  conclusions. 


•  Because  absorption  in  the  XUV  is  high,  thermal  distortion  of  the  mirrors  was 
anticipaied  (o  he  a  potentially  serious  problem. 

•  Thermal  distortion  of  mirron  is  being  calculated  by  R.  D.  McFarland.  J.  H.  Vernon, 
and  M.  E.  Marshall  at  Los  Alamos.  Calculations  have  been  perfomted  for  the  12  rwn 
osetMatnr  assuming  an  axiilly-symmetric  optical  beam  of  specified  intensity  incident 
on  a  resonator  mirror.  The  rMMtnormal  iiKidence  of  the  real  problem  is  not  an  asially- 
symmeiric  problem,  but.  a.s  a  first  attempt,  it  has  been  approximated  by  averaging  the 
power  absorbed  from  an  elliptical  footprint  over  a  circular  spot  The  thermal 
calculations  assume  a  Gaussian  intensity  distribution  on  the  mirror,  tnd  they  produce 
•s  results  plots  of  the  vertical  displacement,  d.  of  the  mirror  lurfKe  as  •  function  of 
radius. 

•  The  displacernem  function  (2<1/X)  is  then  expanded  in  i  aeriei  of  Zimike  polynomials 
and  introduced  into  FELEX. 

•  (>ialitative  conclusions  from  a  preliminary  study: 

( 1 )  Radial  acale  size  of  the  distortion  is  again  crucial. 

(2)  It  ai^rean  that  any  coefficient  in  the  Zimike  expansion  must  be  smaller  than  0.5  X 
I  in  order  not  to  extinguish  the  laser. 

(3)  Increasing  the  number  of  mirror  faced  may  he  an  effective  way  to  reduce  the 
absorbed  power  and.  hence,  the  thermal  distortion  effects. 
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•  We  have  calculated  the  output  power  of  FEL  oscillators  at  four  XUV  wavelengths 
using  electron-hcam  and  mirror  reflectivity  data  believed  to  be  achievable  at  this  time. 
Steady-state  peak  output  powen.  from  multiple-pass  self-consistem  resonator 
simulations  using  the  code  FELEX.  were  found  to  be:  58  MW  at  1(X)  nm,  21 .5  MW  at 
50  nm.  9.5  MW  at  1 2  nm.  and  4.9  MW  at  4  nm. 

•  Wf  have  made  a  preliminary  study  of  the  effect  of  third-order  spherical  aberration  on 
one  of  the  paraboloidal  mirrors  of  the  ring  resonator.  In  general,  0.5  X  reduces  the 
output  very  substantially,  and  1 .0  X  extinguishes  (he  laser  totally.  These  aberratinn 
magnitudes  are  in  the  phaae  from  of  (be  wave  normal  to  ifie  direction  of  propagation; 
defects  on  the  mirror  surface  which  lead  to  (hit  aberration  are  reduced  in  their  effect 
on  the  wave  by  the  cosine  of  the  angle  of  incidence  (here.  75  degrees).  We  have 
piopoacd  a  mode-matohing  lechnique.  by  either  recurving  or  reposittoning  the  mirron, 
to  compensaie  for  the  aberration  and  restore  the  performance  to  the  unaberrated  levd. 

•  We  have  atarled  to  study  the  effects  of  thermal  distortion  of  the  mirron  due  to  the 
large  abaorption  of  XUV  mmon.  Thermal  expansion  calculations  have  been  done  to 
predict  swftce  dtatortton,  and  that  disioriion  has  been  included  in  FELEX  es  phme- 
froni  dislortion.  These  effects,  which  may  be  particuiarly  serious  at  the  shorter  optical 
wavelengths,  might  W  substantially  redu^  by  increasing  the  number  of  facets  of  the 
multifacet  metal  letroreflector  mirron. 
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Anliarmouic  Betatron  Motion  in  Free  Electron  Lasers' 
John  J.  Bcirnard 

Lawrence  Livermore  National  Laboratory 
University  of  California,  Livermore,  California  945o0 


Abstract:  We  calculate  the  trajectory  of  an  electron  in  an  FEL,  including  non-liaear,  off-axis  focusing  terms  in  the  equations 
of  motion.  We  obtain  a  set  of  two  coupled  .second  order  differential  equations  for  the  particle  guiding  center  position,  having 
the  form  of  two  weakly  coupled  harmonic  oscillators.  We  estimate  the  emittance  growth  due  to  the  ncn-linear  terms. 

'  Work  performed  jointly  under  the  auspices  of  the  US  Department  of  Energy  by  the  Lawrence  Livermore  National  Laboratory 
under  W'-7405-ENG-48,  for  the  Strategic  Defense  Initiative  Organization  and  the  U.  S.  Army  Strategic  Defense  Command  in 
support  of  SDIO/SDC-ATC  MIPR  No.  VV.31RPD-8-D.'i00."). 
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l•A|uJtloM^  tor  the  liciairoii  Amplitude  and  Phase 


.V,.  ^  A',(Cos(.4‘'HV;2  4  0,) 
^  K<coslW‘''^VV,:/  +-0,) 


Then  suhstiiutn>n  of  eqs  (Vi  into  eqs,  (IV)  yields. 
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Analytic  Solution  lor  a  Special  Case  ^^1^ 

For  the  magrwiic  potential  treated  in  ref.  1.  for  the  ease  of  equal  harmonic  focusing  in  the 
X  and  Y  directions,  and  when  is  regarded  as  a  second  ixdcr  quantity,  the  constants  d 
and  A  through  F  take  on  pameuUily  simple  values. 
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•\n.ilNti(.  Solution  •  continued 
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Cmmance  Growth  Due  to  Anh.irmonic  Fffects  m  {‘F^Ls  ^ 

The  cmmancc  is  defined  such  that  in  the  abscfKC  of  anharmonic  terms,  the  linear  focussing 
would  result  in  constant  cmiitancc. 
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lv'2 

h  .  —  .  Ah  , 

^hcrc  AA  i  i  \ •  A.V.(Jil  *  cosiAoi)'  * ) 


A.V  =  .V,  -.V.:  A>'s  A.V  3  .Y,' -  .Y,';  Al"  = 

.Y,  r=<  .Y,  >;  V,  V,  >;  .y;  s<  .Y,'  V,'  =<  > 

Here  .V  =  the  number  of  simulation  particles.  i  indicates  the  ith  particle,  and  <  .>  ■ 

We  may  estimate  the  cmiilance  growth  rate  from  the  non-linear  temns:  Energy  conservation 
implies: 


II..  %  -l  .Y  '-  ■  A.Y’ 


A>'» . 


//..  IS  an  approximate  constant  of  the  motion  (The  higher  order  terms  have  been  neglected  i 
this  cxprcs>ion)  Here  K  ,  -  H  -r  j  For  a  rotationlcss  beam 

F  i-  AA-  *<  AV'*  •  4  c  A>  -  .•  AV"'  N)‘  ^ 


I'Ait  iii.in'r  ctics.is  i>(  ihc  n«in  lincaniv  1 1 llv  hciairon  trequencs  becomes 
.  dY|Miilcni  Si*  dial  phase  iTnsiiig  results  21  TIk-  X  .md  V  amplitudes  are  coupled 
cricrev  IS  exchanged  Phase  mixing  an  f  vm.ili/ation  results  in  a  final  stale  such  that 


,  and  •  A  \  H  2  so  .hat 


/  ,  ~.h  .H 


.  slue  ii>  ihe  phase  mixing  Ihc  growth  length  I.  is  defined  by 


s  IS  iho  YlitferciKc  in  betatron  frequencies  between  the  outer  most  particle  ar>d  « 
Mnuie  T  .iis  (he  rate  ol  einiiiantc  growth  is  roughly  given  by 


Sunttnarv  and  ConctusHuis  _ 

We  have  reanalyzed  the  transverse  equations  of  motion  for  an  electron  transiting  a  wigglcr 
uK'luding  terms  higher-order  in  the  small  quantities  k.,  r.  k.,  y.  and  v  2a„  -v  that  had 
iKvi  previously  been  included.  find  that  the  equations  for  the  guiding  center  panicle 
coordinates  i  and  y  can  be  expressed  as  a  pair  of  weakly  c  'upled  harmonic  oscillator 
equations  The  resulting  motion  is  approximately  harmonic  betatron  motion,  but  with 
amplitudes  and  phases  which  prccess  on  a  relatively  long  length  scale  The  preccssing  phase 
implies  an  effective  correctior.  to  the  betatron  wavenumber  The  length  scale  irKreascs 
linearly  with  ••  .  ;d  the  inverse  square  of  the  beam  radius,  both  factors  mdicaling  that  the 
effects  of  the  included  higher  order  terms  will  dimmish  for  high  power,  high  frequency  FELs 
When  ensembles  of  panicles  are  examined  the  non  linear  terms  cause  the  cmniartcc  to  grow 
Phis  IS  due  to  the  phase  mixing  caused  by  the  amplitude  dependent  betatron  free  sney 
A  beam  with  an  initial  offset  of  the  beam  centroid  is  thus  convened  into  a  beam  with  a 
larger  radius  and  higher  cmittaiKC  Simulations  with  the  FEL  code  FRED  indicate  that  the 
fractional  change  in  hnal  power  produced  is  small  when  the  initial  beam  mismatch  is  sniai), 
however  j 
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Statistical  Variation  of  FEL  Performance  Due  To  Wiggler  Field  Errors 


P.  Kennedy,  B.  Bobbs,  G.  Rakowsky,  and  R.  Cover 
Rockwell  Intemational/Rocketdyne  Division 
6633  Canoga  Avenue,  Canoga  Park,  CA  91 303 

Numerical  simulations  are  used  to  demonstrate  that  large  statistical  variations  in  peak  spontaneous 
emission  and  small  signal  gain  are  obtained  for  FEL  wigglers  with  the  same  rms  field  error,  but 
different  error  distributions.  Results  demonstrate  the  need  for  a  wiggler  spec  which  reflects  the 
effect  of  error  ordering  on  FEL  performance. 


INTRODl CTION:  A  previous  study  found  that  I 

reordering  of  field  errors  produced  wide  variations  in 
the  harmonic  emission  spectra  of  undulators  for 
synchotron  light  sources  [1).  We  examine  the  effect  of 
random  field  error  ordering  on  FEL  wiggler 
performance  and  find  large  statistical  spreads  in  peak 
first  harmonic  emission  and  peak  small  signal  gain. 


Period  Length 
Number  Periods 
Wiggler  Length 
Peak  Field 
Vector  Potential 
RMS  Field  Error 
E-Bcam  Energy 
Resonant  Wa'  elength 


Xy,  =  2.4  cm 
N  =  168 
L  =  403.2  cm 
B,  =  3.5  kG 
=  0.785 
o  ^  0.59!> 

Y=80 

=  2.4527  pm 


•  RinUom  FitUl  Unix  .Model  |2)  ■  8y(z)  =  C'(»  B,  cos  (k?) 

•  C(/)  ♦  C;,^  *s  I  *.  =  Cor*.suni  m  nth  !/2  •  Period 

•  Randomly  C^tosen  from  Gaussian  DisLnbut;*w 

•  Mean  »  1 .  RVS  IVviatiOn  «  o 


•  Oh-Aais  f-jnission  Mixlei  (31  • 


d*W/dJid<i)s 

Q  -  (Wc)  ^  (/)eip  ^♦(/.)Jdz 

^t)  =  (ttVe)  '*  J  .  P,(7.)ld7.' 

(V  (r)  =  *  B,{z')d/,' 


»  On- Axis  Small  Signal  Gam  Made)  s  Theorem  (31 

G  =  I  -  (i4/2id  K}l'/dr 


•  Ensemble  of  200  Wiggler  Configurations 

•  Same  set  of  random  field  errors  (N  =  168,  a=  0.5%) 

•  Different  error  ordering 

•  For  Each  Configuration  Compute 

•  Peak  first  harmonic  emission  and  peak  S.S.  gain 

•  Normalize  by  ideal  peak  values  (c  =  0) 

•  Statistical  Distribution  of  Peak  Values  Ranges  From 
Near- Ideal  to  Quite  Poor 

•  Full  Spectra  For  Three  Sample  Configurations  Show 
Varying  performance  and  Wiggler  Quality 


0  25  0  5  0  75 

SPONTANEOUS  EMISSION  (NORMALIZED) 


SMALL  SKMAL  OAM  S4ORMALIZE0| 


\ 

\ 

I'  Va 


WAVELViOm  OmiWIWQ  (fM) 


•  RMS  Peak  Hmission  Computed  for 

.  o  -  0.1%  .  N  =  168.84.42.21 


<j  =  0.5%  .  N  -  168.84.42,21 


•  Analytic  scaling  relationship  for  fractional  power  reduction  (from 
ideal  value,  o  -  0) 

[fQ/  Kyj /|Q^  -  (8/3)fa4o/fl -1.11/21? N» 


•  Good  agreement  with  numerical  results  for  all  N.o 

•  Gives  better  fit  to  our  data  in  Gaussian  limit  (o^N*  5  1/7) 
than  corresponding  Kincaid  [2)  formula 


conclusion :  Results  show  that  rms  field  error  is 
not  a  reliable  indicator  of  wiggler  quality  and 
demonstrate  the  need  for  a  wiggler  spec  which 
reflects  the  effect  of  error  ordering  on  PEL 
performance  [4).  They  also  indicate  the  importance 
for  pure  permanent  magnet  wigglers  [5],  of  obtaining 
an  optimized  magnet  ordering  [6]. 


(1)  B.  Divtacc«  md  R.  P.  Walker.  The  Effact  of  Magwuc  FtcM  Grrvn  on  the  ltad«ialie«  Specula  «f  ELETTKA  UsSalaran,*  Free.  PartiBW  Aaealcruer  CeW.. 

(2)  B.  M.  Kmid.  i.  OfL  Sm.  Aa  B.  2.  FP.  1244  1304.  (19t5). 

(3|  C.  C  Shb  nd  M.  Z.  Capon.  Phya.  IU«.  A.  gg,  pp.  43t  430  (I9S2). 

14]  B.  Bobbi.  tL  aL.  *Ia  Seticb  of  a  Maanagfal  Fnid  Error  Spac  for  Wigflen.'  Proa,  (bia  CeofoiOBca. 

(3)  O.  Rakowtky.  cL  al..  'Higb  ^rfomaaca  Paie  Pemaocn  Magaat  Uadalatota,*  Prac.  ihu  Coofaraoea. 

(6)  ft.  Covet.  eL  al..  *FEL  Pcrfemaoca  wiib  Para  Permaooot  Magaei  Uodalaiora  Havim  Optinal  Ordariaf.*  P-'c.  ihia  Coofaraaca. 
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Minimized  Emittance  Growth  with  Elliptical  Beam  Pipes  in  PEL 

K.  C.  D.  Chan 

Los  Alamos  National  Laboratory,  H829,  Los  Alamos,  NM87545 

Abstract 

Deleterious  wakefield  effects  caused  by  openings  along  the  beam  pipes  can  be 
effectively  reduced  by  using  beam  pipes  of  elliptical  cross  sections  with  large 
ratios  of  major  to  minor  axes.  Such  beam  pipes  can  be  matched  to  existing 
circular  beam  pipes  on  accelerators  without  introducing  additional  wakefields 
using  a  concept  based  on  energy-conservation  considerations. 


Wakefield  effects  cause  eminance  growth 


\  /' 


ngart  1 


Lcagtlu  af  baaa  glpat  vkk  iwa  apaaiaia 

K-hlaac.  arata.  ar.  fcy  ••  «•  Waai->l»a 

«.ia.  tlHaMcalWtaaaalar  W«-  pif..  aitcaatlaaltlat 


Wakeflcid  CBlttaaca  grairtk  eaaacd  kj 
dltcaBUaalllct  alaag  ika  kaaai  giga  (Fig. 

la)  eaa  bt  rtductd  hj  lacrtaalag  iba 
cratf'tccliaaal  arta  af  tba  baaa  glpa.  A 
betm-pipt  erou  Mcliea  caa  ba  ia- 
crcaaad  cilhcr  b;  lacrtaalag  bath  (Fig. 

lb)  ar  aal;  aac  (Fig.  Ic)  af  Ihc  Iwa 
IraasTcrat  dlBcaalaai. 

FIgart  1  ibawi  that  waktllcld  afltcla 
dacreaaa  witk  the  lacreated  traatrtrta 
dlaitaaiaaa  la  a  gawer  af  IJ  (daabad 

eaiTt)  for  Ibe  ackeait  la  Flg.lb  aad 
aigaaeatlall}  (aolld  carrt)  far  the 
Kheat  (a  Fig.  Ic.Tbii  ladlcaltt  that 
waktfitid  effccta  caa  bt  rtdaetd  aort 
tfftcIlTtli  b;  aslag  a  rectaagular  or 
elliptical  beam  pipe. 


A) 


M 


Am  »lllB»lcal  beem  ■!—  CM  be  lalaeA  to 
m  circolar  beam  alM  wltbaBt  latraa.>lii« 
■akefleld 


To  eapio;  aa  eUlptkal  beaa  pipe  altar 
the  eircalar  apartare  la  aa  acceleralar,  a 
wakcfltld-ltaa  Iraaallloa  la  aeceaaarp. 
Sack  a  'aalcked'  traaaltloo  caa  bt  aade 
bp  abaerrlag  eatrgp-ceaaerTatlea  coa- 
alderallaaa. 

Flral,  a  alow  taper  ahoald  bt  aaed  a 
ellalaale  eatrgj  trtaafer  la  gtaerale 
Ktlltred  warea.  Secoad,  the  elliptical 
Croat  aeclioB  aloag  Ibe  Ireailllaa  ahoald 
bt  dealgatd  each  Ihti  Ike  electra-aag- 
aelic  field  eaergp  af  the  beaa  la  alwapa 
tqaal  t»  lhal  of  Ike  lalllal  eircalar  pipe. 

FIgart  3  abowa  Ibal  a  wakefleM-ltaa 
IraaaltlOB  eaa  redact  waktfitid  by 
belter  lhaa  a  faclor  af  tea. 


Typleal  Malebed  Traaallloa 
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PULSE  COMPRESSION  ON  THE  MARK  III  PEL  USING  ENERGY  CHIRPING 
E.B.  Szarmes,  S.V.  Benson,  and  J.M.J.  Madey. 


ABSTRACT 

We  have  performed  preliminary  numerical  simulations 
of  the  optical  pulse  formation  in  an  FEL  using 
micropulses  with  a  linear  energy  dependence  on  time. 
The  simutntioris  are  baseo  on  a  one-dimensionai  coce 
assuming  Gaussian  modes  and  including  shot  noise  for 
parameters  appropriate  to  the  Mark  III  FEL.  The  optical 
micropulses  are  allowed  to  oscillate  near  the 
synchronous  cavity  length  to  a  point  just  short  of  full 
saturation  to  prevent  distortion  of  the  optical  envelope 
and  phase  by  the  sideband  instability.  The  pulses  are 
then  numerically  propagated  in  the  frequency  domain 
through  a  quadratic  dispersive  delay  line.  Preliminary 
simulations  have  varied  both  the  sign  and  magnitude  of 
the  energy  chirp  as  well  as  the  slippage  parameter  (via 
the  pulse  width),  and  have  demonstrated  optical 
frequency  chirps  agreeing  fairly  well  with  those  obtained 
analytically  by  assuming  that  the  resonance  condition 
determines  the  lasing  wavelength  during  the  pulse 
(SX/X  a  sSy/y).  Slight  deviations  from  this  condition  are 
observed  which  depend  on  the  sign  of  the  chirp.  In  a 
typical  case,  we  project  pulse  compression  by  a  factor  of 
13.3,  from  an  initial  pulsewidth  of  3.13  ps  to  a  final 
pulsewidth  of  236  fs,  at  a  wavelength  of  3.35  microns  and 
an  electron  micropulse  energy  chirp  of  -^2%  (energy 
increasing  towards  the  back  of  the  pulse).  Note  that  this 
represents  an  optical  pulse  less  than  half  as  short  as  the 
slippage  length  of  47  magnet  periods  for  this  wavelength. 
Proposed  expenments  using  the  Mark  III  FEL  are 
discussed. 


Graph  showing  average  macropulse  power  vs. 
Cavity  length  detuning 

Parameters:  X  » 3.35  jim 

Electron  energy  •  42.5  MeV 
Electron  energy  chirp  -  +2% 

Micropulse  peak  current  -  20  Amps 

Micropulse  width  •  4.0  ps 

Number  of  passes  -  100(1 .2  ps) 
Cavity  losses  •  7.3% 

Net  gam  -  45% 


NOTE:  POSITIVE  CHIRP  -  HIGHER  ENERGIES 

AT  TRAILING  EDGE 

Macropulse  Power  vs.  Cavity  Length  Detuning 


Civlly  Ltngih  Otiuning  (milt) 


NUMERICAL  SIMULATIONS 


1 )  Optical  pulses  build  up  from  noise  to  a  point  just 
shon  of  full  saturation  using  the  coupled 
Meurwell-Lorentz  equations 

2)  One-dimensionai  simulation  with  a  complex 
filling  factor  for  the  transverse  resonator  modes 
<TEM00) 

3)  Includes  shot  noise  via  electron  beam  density 
modulations  on  a  tophat  pulse 

4)  Electron  energy  chirp  is  introduced  by  linear 
variation  of  the  electron  resonance  parameter 
along  the  electron  pulse 

5)  Simulations  investigate  dependence  on 

i)  sign  and  magnitude  of  energy  chirp 

ii)  electron  pulse  width 

iii)  cavity  length  detuning 

6)  Parameters  appropriate  to  the  Mark  III  FEL 


Graph  showing  average  maeropulse  power  vs. 
Electron  energy  chirp 
for  zero  and  finite  cavity  length  detunings 

Parameters;  X  -  3.35  tim 

Electron  energy  -  42.5  MeV 
Micropulse  peak  current  -  20  Amps 

Micropulse  width  •  4.0  ps 

Number  of  passes  •  100(1.2  ps) 

Cavity  losses  -  7.3% 

Net  gain  ~  45% 

(The  curve  for  zero  cavity  length  detuning  remained  flat  even 
for  1 70  passes  -  well  into  saturation) 

Macropulse  Power  vs.  Electron  Energy  Chirp 


Elaclion  Energy  Chirp  (%) 


%  Optled  Chirp 


Graphs  showing  %  Optical  Chirp  induced  by 
the  given  %  Electron  Energy  Chirps 


Parameters; 

■t-g%ehim 

_ -3%  chirp 

X 

3.35  pm 

3.0  pm 

Electron  energy 

42.5  MeV 

42.5  MeV 

Micropulse  peak  current 

20  Amps 

- 

Micropulse  charge 

• 

75  pC 

Number  of  passes 

100(1.2(is) 

60(0.74ps) 

Cavity  length  detuning 

0  mils 

0  mils 

Cavity  losses 

7.3% 

7.3% 

Net  gain 

45% 

20%  -  55% 

%  Optical  Chirp  Induced  by  +2%  Energy  Chirp  %  Optical  Chirp  Induced  by  -3%  Energy  Chirp 


PuKawldth  (pt)  PultawldIK  (pi) 


Preferred  Relative  Phase  Offset  Between 
Electron  Micropulse  and  Accelerator  RF  Field 
(greatly  exaggerated) 


Four>dipoie  Chicane  Serving  as 
an  Electron  Pulse  Compressor 

for  •Isctron  pulsos  with  highw 
•norglot  at  tha  trailing  adga 


Energy 


RF  Period  «  350  ps 


Dispersion  -  1  picosecond  per  percent  energy  spread 
In  the  Mark  III  FEL 
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Computer  simulations  showing: 

A)  Optical  micropulse  power,  phase,  and 
spectrum  in  the  absense  of  energy  chirp  in  the 
electron  beam  (0.05  mils  detuning) 

B)  Optical  micropulse  power,  phase,  and 
spectrum  with  a  -«-2%  energy  chirp  in  the 
electron  beam  (0.04  mils  detuning) 


Other  parameters:  X 

Electron  energy 
Micropulse  peak  current 
Micropulse  width 
Number  of  passes 
Cavity  losses 
Net  gain 


-  3.35  pm 

-  43.5  MeV 
•  20  Amps 
m  4.0  PS 

-  100(1.2  ps) 

-  7.3% 

-  45% 


6x10 
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>  , 
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o 

^  4 
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0  h 


I  '  '  '  ■  I  •  '  i-r-r  '  I  •  I  I  I  I  I  I  I  I  1  -I  1  I 


I.My.  -W 


u _ Lu _ I _ I _ I _ I _ I _ I _ k 


EucritoN 

,Nicitoruisc 


100  200  300  400  500 


Time  (bins) 


Frequency  (GHz) 


Phase  (radians)  Micropulse  Power  (W) 


Grating  Pair  in  the  Littrow 
Configuration  Serving  as  a  Puise 
Compressor 


for  optical  pulsas  with  highor  froquoncios 
at  tha  traUkig  adga 


Minimum  Deviation,  Brewster  Angle 
Prism  Pair  Serving  as  a  Pulse 
Compressor 


for  optical  pulaas  with  higher  fraquancias 
at  tha  trailing  adga 


/ 


Tiitie  (bins) 


Power  (W)  Micropulse  Power  (W) 


Comparison  Between  Chirped  input  Puise 
and 

Compensated  Output  Pulse 

(Note  change  of  scale  on  vertical  axis) 


4x10* 


3x10* 


2x10* 


10* 


0 

Q  m  m  300  400  ouo 


Time  (Uliii) 


CONCLUSIONS 


Computer  simulations  on  realistic  PEL  configurations 
have  demonstrated  substantial  pulse  compression  ratios  for 
modest  electron  micropulse  energy  chirps. 

Negatively  chirped  pulses  show  increased  optical  powers 
for  finite  cavity  length  detunings,  but  slightly  lower  optical 
chirps  than  predicted  by  the  PEL  resonance  condition. 

Positively  chirped  pulses  show  decreased  optical  powers 
lor  finite  cavity  length  detunings,  but  slightly  larger  opticai 
chirps  than  predicted  by  the  PEL  resonance  condition. 

Have  proposed  an  experiment  using  4  ps  electron 
micropulses  with  a  +2%  energy  chirp. 


2x|0 


lU 


11.4  MW 

• 

- 

- 

— 

1 _ : 

.  1  i._i  «  .  1  » _ 1 — 1 _ lit _ 

0  100  200  300  400  500 

Time  (bins) 
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P3 . 1 1  SPECIFIC  OPTICAL  PROPRIETIES  OF  MULTILA  YER  MIRRORS  FOR 

S.R.  FEL  EXPERIMENTS 

LURE  CNRS/CEA/MEN  -  Batiment  209D  -  Universite  Paris-Sud 
91405  ORSAY  CEDEX  FRANCE 

M.F.  VELGHE  ,  M.E.  COUPRIE  ,  M.  BILLARDON 

* 

Laboratoire  de  Photophysique  Moleculaire,  Bat.  213,  Universite  Paris-Sud 
91405  ORSAY  CEDEX,  FRANCE 

** 

CEA,  IRF  DPHG-S.P.A.S. 

91191  GIF-SUR-YVETTE,  FRANCE 

*** 

Ecole  Superieure  de  Physique  et  Chimie,  10  rue  Vauquelin 
75231  PARIS  CEDEX  05,  FRANCE 


ABSTRACT.  Mirror  degradation  is  a  crucial  drawback  for  the  F.E.L.  experiments  in 
the  visible  and  UV  range.  This  degradation  is  due  to  the  high  X  ray  flux  of  the 
spontaneous  emission.  In  the  present  paper,  we  summarize  new  results  from  the 
multilayer  dielectric  mirrors  and  the  mirrors  temperature  measurements. 


Number  of  emitted  photons  for  Super  ACO 
undulator  versus  the  harmonics  and 
K  values  for  the  633  nm  fundamental 
wavelength 


Mirror 

Init.  losses 

Irrad.  (A.h) 

Current  (A) 

Losses  after  irr. 

Losses  after  clean 

SI 

0.028  % 

0.266 

0.08 

0.216  % 

0.072  % 

0.072 

0.35 

0.13 

0.27 

K1 

0.15 

0.3 

0.06 

0.22 

0.12 

0.12 

0.37 

0.08 

0.17 

0.15 

0.15 

0.34 

0.135 

1 . 1 

0.39 

V8 

0.138 

0.52 

0.088 

0.28 

0.28 

0.35 

0.101 

0.39 

0. 15 

S3 

0.12 

0.23 

0.084 

0.21 

0.136 

0.136 

0.72 

0.103 

0.186 

0.147 

S5  * 

0.077 

0.755 

0.29 

0.153 

*  this  mirror  was  used  for  the  FEL  oscillation 
Table  of  the  mirrors  losses  evolution  versus  irradiation,  before  and  after  cleaning 
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IZIPSlKIIMlBNirAL  ILA7<Q>1Uir 


Temperature  measurement  device 
a  General  view 

b  Detail  of  the  substrate  holder 


surface  temperature 


position  (mm) 


heating  due  to  Irradiation 


Results  of  the  temperature  measurements 
with  sapphire  and  silica  substrates 

a  Surface  heating  at  two  laser  powers 

b  Central  heating  versus  of  the  laser 
power 
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P3.12  Numerical  Studies  On  Mode  Competition  In  Long-Pulse  FELs 

R.  Hajima,  H.  Ohashi  and  S.  Kondo 
Nuclear  Engineering  Research  Laboratory, 
University  of  Tokyo,  JAPAN. 


ABSTRACT:  A  multi-mode  PEL  simulation  has  been  made  for  the  analysis  of 
laser  mode  competition  in  long-pulse  FELs.  The  development  of  each  mode  has 
been  calculated  from  particle  motion  in  the  potential  of  many  modes.  The 
ratio  between  self-saturation  and  cross-saturation  has  been  estimated  in  both 
shallow  and  deep  saturation. 

Spectrum  of  FELs  Multi-Mode  FEL  Simulation 


(1)  Fourier  transform  limit  Af-l/At. 

”•  Dominant  in  short  pulse  FELs. 


(2)  Mode  selecting  by  the  reionator  cavity. 

(3)  Mode  competition  (  mode  dynamics  ), 

— »  Dominant  in  long  pulse  FELs. 


•  In  this  study,  vte  have  investigated  the  mode 
competition  in  long  pulse  FELs.  The  theory  of  the  mode 
competition,  the  simulation  method  and  the  calculation 
results  are  presented. 


Laser  Mode  Analysis 

van  der  Pol  equation  for  single  mode  lasers 

■^-(G-L-S|E|’)E 
C:  Gain,  L:  Loss,  S:  Self-Saturation 

for  tyro  mode  lasers 
dE. 

— -(G, -L-S|E,|’-C)E,|’)  E, 
dE. 

— -(G3-L-SIE,1"-C1E,1’)E, 

C:  Cross-Saturation 

•  If  C/S  >  1,  then  only  single  mode  is  stable. 

If  C/S  <  1,  then  both  two  modes  are  stable. 

•  For  the  FEL.  C/S-2  has  derived  using  a  perturbation 
analysis  of  the  third-order  in  the  radiation  field. 

(  third>order  theory  ) 

•  van  der  Pol  equations  cannot  be  applied  to  the  cases 
of  more  than  three  modes.  We  have,  therefore, 
developed  a  numerical  code  for  the  mode  dynamics  simu* 
lation. 


•  The  radiation  field  and  the  current  terms  are 
expanded  into  the  series  of  plane-wave  n^odes. 

-  S  E,(z) 


•  Th*  slowly  varying  approximation  and  the  orthogonal 
relation  between  the  modes  are  used. 


•  The  Fourier  transform  of  the  current  term  gives  the 
each  modal  current. 


w  M  periooic  boundary  condition  is  introduced. 

i 


J,(0  -  - 


he  real  and  the  imaginary  p.rt  of  the  current  term 
are  expressed  as 

Re(J  )  -  -  ^ 


E 

Im(J  )  *  _  ^ 


*qj  -  (k,-Fk,)  Ij(t)  ~ 

•  The  kinetic  equation  of  ,n  electron  ia  given  by 
”  _  «’B,(1-|.K*)  „ 
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The  results  of  two  mode  enalysis  in  the  shallow- 
saturated  region. 

(a)  Simulation  code  (b)  Third-order  theory 
Resonator  loss  -  20% 

_  2.6  (mode  1)  and  n  -  2.3  (mode  2) 


The  results  of  tvw  mode  analysis  in  the  deep-saturated 
region. 

(j)  Simulation  code  (b)  Third-order  theory 
Resonator  lots  «  0% 

/i  -  2.6  (mode  1)  and  ^  -  2.3  (mode  2)r 


•  The  field  cannot  reach  deep  saturation  because  of  the 
large  loss  of  the  resonator 


J.O  5.0 

r««oauic«  p4rUB«l«r 


Ten-mode  analysis  including  beam  energy  spread 
AE/E  —  2%,  resonator  loss  —  20% 

•  The  oscillation  wavelength  is  up-shifted  by  the  beam 
energy  spread. 


•  The  numerical  analysis  shows  that  both  two  modes 
are  stable  at  steady  state,  which  is  inconsistent  with  the 
third-order  theory  predictions.  This  is  because  the 
third-order  theory  was  obtained  from  an  analysis  of  the 
third  order  perturbation  in  the  radiation  field  and  pertur¬ 
bation  terms  of  higher  order  are  neglected,  whereas  the 
simulation  code  includes  all  nonlinearity  of  the  radiation 
field.  In  this  figure,  the  field  grows  up  into  deep- 
saturated  region  because  of  no  resonator  loss.  Thus,  the 
simulation  code  gives  precise  results  even  in  the  large 
amplitude  region. 

% 

Conclusions 

% 

The  mode  competition  in  >  long-pulse  free-electron  laser 
was  calculated  using  a  multi-mode  FEL  simulation  code. 
It  was  found  that  the  radiation  field  reaches  the  deep- 
saturated  region  and  the  mode  selectivity  becomes  con¬ 
siderably  deteriorated  when  the  loss  of  the  resonator  cav¬ 
ity  is  small.  Two-mode  calculations  showed  that  the 
cross  saturation  parameter  is  equal  to  the  self  saturation 
parameter  in  the  deep-saturc  led  region.  In  the  shallow- 
saturated  region  the  code  and  the  third-order  theory 
predicted  the  mode  competition  behavior  well  for  the 
two-mode  cate.  The  simulation  code  is  also  applicable  to 
the  multi-mode  calculations  over  three  modes. 


(11  R.A.Jong  and  E.T.Scherlemann,  Nucl.  Instr.  and  Meth.,  A259(1987)  254- 
[21  P.Ringy,  Nucl.  Instr.  and  Meth.,  A239(1985)  432-  ^  r.  r-  . 

[3]  D.Oepts.A.F.G.  van  der  Meer.  R.W.B.Best.  P.W.  van  Amersfoot  and  W.B.Colson, 
Proc.  of  the  10th  International  FEL  conference,  to  be  published 

(4)  I.Kimel  and  L.R. Elias,  Phys.  Rev.  A35(1987)  3818- 
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CONSEQUENCES  OF  SHORT  ELECTRON  BEAM  PULSES  IN  THE 

FELIX  PROJECT 


D.A.  Jaroszynski,*  D.  Oepts,  A.F.G.  van  der  Meer,  P.W.  van  Amersfoort 
FOM-lnstituut  voor  Plasmafysica  ’Rijnhuizen'.  Associatie  EURATOM-FCM, 
Edisonbaan  14, 3439  MN  Nieuwegein,  Nederland 

W.B.  Colson 

Berkeley  Research  Associates,  125  University  Avenue,  Berkeley,  CA 

94710,  USA** 

'Permanent  address:  Heriot-Watt  University,  Riccarton,  Edinburgh  EH144AS,  United  Kingdom 
"Present  address:  Physics  Dept.,  Naval  Postgraduate  School,  Monterey,  CA  93940,  USA 

Abstract 

We  discuss  the  consequences  of  short  micropulses  on  the  output  of  infra 
red  and  far  infra  red  free  electron  lasers  with  special  reference  to  the 
FELIX  project  which  operates  with  3  ps  long  electron  pulses. 


Desynchronism:  small  signal  gain 


^  5L/X^ 


Desynchronism:  saturated  pulse  energy 


3 

O 


o? 

b 

c 

V 


Small  signal  gain  vs  pulse  length 


(mm) 


3 

O 


s 


Saturated  energy  vs  e-pulse  length 
50 1 


0.00  0.25  0.50  0.75  1.00  1.25 


(mm) 
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spectral  power  (o.u.)  - ^  intensity 


4.  Conclusions 

We  have  shown  that  the  desynchronism  curves  for  the  FELIX  project, 
where  the  micropulses  have  an  rms  length  of  0.3mm,  are  of  the  order  of 
one  wavelength  wide  for  the  first  stage  of  the  project  where  the  laser 
will  be  operating  around  27|xm.  We  have  also  shown  that  for  long 
wavelength  FELs,  where  lethargy  effects  are  important,  the  gain  par 
pass  in  the  small  signal  regime  and  the  saturated  pulse  energy,  as  a 
function  of  o,.  are  constant  when  the  charge  in  the  electron  micropulse 
is  maintained  constant.  Finally,  we  have  shown  preliminary  results  of 
numerical  work  studying  the  feasibility  of  dynamic  scanning  of  the 
desynchronism  as  a  function  of  time  through  the  macropulse  to  optimise 
both  the  growth  rate  and  the  final  power  at  saturation.  We  have  also 
shown  that  this  method  is  useful  for  altering  the  pulse  shape  at 
saturation  controlling  the  spectra. 
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PARAMAGNETIC  AND  DIAMAGNETIC  CORRECTIONS  TO  THE  ELECTRON 
DYNAMICS  IN  A  FREE-ELECTRON  LASER  WITH  GUIDE  FIELD 

F.  Hartemann,  MIT  Plasma  Fusion  Cantar,  Cambridga,  MA. 

FEL  Cyelo^fpB  R— gnaiyf 


•  Sifigir-Partirlr 


to  >  fVg<-Etectron  L— r  witli  Quid#  Piatd 


F.  NiirteiiMiiij*.  MIT  PIasim  Fitaniu  Cf-utrr.  Cniubrnlgr  M.\. 

•  Introduction  :  FELs.  CARMt 

•  Rcvi«w  of  Singit^Particio  Model 

•  Fluid  Model  with  Space-Charge 

•  Numerical  Example  :  MIT  140  GHx  CARM 

•  Higher-Order  Effect*  :  Axial  Energy  Spread 

•  Conctusioaf 


Jx  = 


flu  -  -^If 


•  Eoer^^  Conaerxntion  : 


a  l-D  Wiggler  Field  ; 


To 


B  s  zBfi  -f  fi«|rcoa«r  -f  9*inw] 


B)j  :  gitiile  field  strength. 


B^,  :  pump  field  amplitude. 

2* 

V  ~  where  —  i*  the  wig^rr  period. 


*  Pmtuutrat  addme  Thimmm  CSf/DTE.  Veliiy.  Fnwe* 


TfafiSiOJwith  Sp9$e-Ch«rfe 


•  Ampere's  Theorem 


T  n  §  s  -ep*nr 


•  Tof*|  Magnetic  Field 

^  a  ^  ( 1  \)D^,r  cos  c  ♦  t/sin  t  i 


r  and  9  component*  yield 


\ 


(2) 


X  diamagnetic  or  paramagnetic  correction  to  the  wiggler  field 


•  Flujd  Ec]ualiun  of  Motion 


(.-  r)f=. 


t-x  B 


•  Fluid  Velocity  Field 

V  ^  ivjj  +  ei  j^  CO*  V  ^  *io  V 


•  Volmne  current*  of  the  wiggling  electron*  generate  a  dia/paramagnetk 
correction  to  the  wiggler  field. 


Combine  Et)*.  (I)  and  (2)  to  obtain  *elf-coaaistant 


fl||  "  ^*^1^ 


\\  r  find 


3n(I  x)Hi. 

Qji  - 


•  Re*onanre  i»  thiRfd  toward*  higher  Bn,  lowvr  1’ 

•  Group  I  (0(1  <  7ok« Ji|c)  Ji ,  x  <  0,  the  beam  ia  diamagnetic. 


•  Croup  11  (On  >  -Vo*.  J(|c)  Ji .  X  >  0.  the  beam  t*  paramagnetic. 
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DESIGN  OF  A 12  MEV  RECIRCULATING  BEAM  ELECTROSTATIC 

accelerator  FEL 


D.J.  Larson  and  Luis  R.  Elias 
Center  for  Research  in  Electro  Optics^d  l^rs 
12424  Research  Parkway,  Orlando,  FL  32826 


The  design  of  a  12  MeV  electrostatic  accelerator  FEL  is  presented.  The  syrtem  will 
llieaesignoia^i.£iYicv_cictuua^w_ _ amnere  currents  from  an 


aUow  continuous  tunabiUty  of  the  system  over  wavelengths  between  5  and  500  microns. 


Figure  1.  Design  cf  a  6  and  12 
MeV  mectrostatic  FEL  ^tem. 
Electron  beam  is  accelerated  nom  a 
negative  6  MV  terminal,  and  can 
either  go  to  an  undulator  at  ground 
potential,  or  be  accelerated  to  a 
positive  6  MV  terminal  that  contains 
an  undulator.  ^tem  design  uses 
achromatic  90  degree  bends,  resulting 
in  a  flexible,  error  forgiving  design,  at 
the  cost  of  many  additions  magnetic 
components. 


liBiiiiiilliiiii — DU— % — DDtP - - r{MTTFte^RJTTTr4Mli 


Finnt  2  Bfim  sis  and  dispersioo  as  a  function  of  distance  along  the  6  MV  path  of 
the  system  shown  in  Figure  1.  Upper  soUd  trace  shows  horizontal  (bend  plane)  beam  prodle. 
dash^  trace  shows  vertical  profile,  lower  solid  trace  shows  dispersion  function. 


Figure  3.  size  and  dispersion  as  a  function  of  distance  along  the  12  MV  path  of 
the  system  shown  in  Figure  1.  Upper  solid  trace  shows  horizontal  (bend  plane)  beam  profile, 
trace  shows  verncal  profile,  lower  solid  trace  shows  dispersion  function. 


Figure  4.  Design  of  a  6  and  12 
MeV  Electrostatic  FEL  mtem. 
Electron  beam  is  accelerated  mom  a 
negative  6  MV  terminal,  and  can 
either  go  to  an  undulator  at  ground 
potential,  or  be  accelerated  to  a 
positive  6  MV  terminal  that  contains 
an  undulator.  System  design  uses 
three  60  degree  chromatic  bends  for 
the  180  degree  achromat,  resulting  in 
a  design  with  very  few  mametic 
components,  at  the  cost^rt  an 
inflexible,  low  tolerance  design. 


— Th-n— 


e  DISTANCE  (U) 


Figure  S.  Beam  size  and  dispersion  as  a  function  of  distance  along  the  6  MV  p«th  of 
the  system  shown  in  Fi^eT  Upper  solid  trace  shows  horizontal  (bend  plane)  beam  profile, 
dashed  trace  shows  vertical  profile,  lower  solid  trace  shows  du^rsion  function. 


Figure  6.  Beam  size  and  dispersion  as  a  fimction  of  distance  along  the  12  MV  path  of 
the  system  shown  in  Figure  T  Upper  solid  trace  shows  horizontal  (bend  plane)  beam  profile, 
dashed  trace  shows  vertical  profile,  lower  solid  trace  shows  dispersion  func^n. 


DISTANCE  (M) 

Figure  7.  The  above  figures  use  the  code  SCAAT  for  beam  optics  calculations.  SCAAT  can 
include  space  charge.  Here,  the  dashed  trace  shows  the  SCAAT  calculation  in  the  absence  of  space 
charge  for  the  6  MV  horizontal  beam  profile  of  the  system  of  figure  4.  The  solid  trace  is  a 
TR/^SPORT  calculation  of  the  same  beamline.  The  undulator  has  been  removed,  and  the  matching 
conditions  changed  to  allow  for  code  comparison.  (TRANSPORT  only  shows  the  profile  from 
element  to  element,  and  does  not  show  waist  development  between  elements.  TRANSPORT  does 
not  have  an  undulator  element,  requiring  the  modification  of  input.) 
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A  COMPARISON  OF  THEORY  AND  EXPERIMENT  IN  AN  ALL  FEL  MASTER 
OSCILLATOR/POWER  AMPLIFIER  SYSTEM 
Stephen  V.  Benson,  John  M.  J.  Madey 
Department  of  Physics,  Duke  University, 

Durham  NC  27706 
Bmce  Richman 

Dept,  of  Applied  Physics,  Stanford  University 
Stanford,  CA  94305 
Louis  Vintro 
Deacon  Research, 

Suite  #203, 900  Welch  Rd.  Palo  Alto  CA  94305 
and 


Anup  Bhowmik  and  Wayne  McMullin 
Rockwell  International,  Rocketdyne  Division 
6633  Canoga  Ave.  Canoga  Ave.  91305 

Using  the  simulation  code  FELIX  we  have  modelled  the  performance  of  an  all  FEL 
master  oscillator^wer  amplifier.  The  results  of  the  code  are  compared  with  the  experimental  results  from 
the  Stani'ord/Rockwell  MOPA  experiment.  Excellent  agreement  is  seen. 


Abatraei 

CmifM4Mh«bMnaeeuiiUMontMop*raanno(«r>ill  FEL  nmw 
atdlMAati^mm  •mpMtr(MOPA)in  (h*  mimI  iigri^  rtgjmt.  Gm  mm  siudMd 
«i  •  tuneion  ol  mf/mti  wmt  poMdon.  eUOon  bmm 

poiMon  «nd  <Miv.  Bo>i  rtiopo  mi  aptoJ  b— m  wf»  wtl 

dWMMiMd  toy  mMm  9f  «i  •pMtomMtr,  Mfiiivw* 

immummrn.  SikM  A«io  mMaurmnai.  optocil  rmmuntmfm. 
m4  immNtmmNiA.  IWnymMtfurtdpvanMtftforfM 

•Mw  and  bMm  in  tw  aimilKtoon  FElEX  « Alwno* 

Nlonii 

9iinoniitwp««iwlWf  iMaddbovn  Cacalirn  agreement  mm  tpund.  Tbt 
•ttiin>prw<qnpr<aafi<in»>iinUi>ond<i^tei>»dmtBaiylain  mnmti 
oaiouilMtoPMlntittfMi  TharMuftoaJwnpMjranunteroltpMial 
Imam  ol  FEL  oparalon  «l  iniHnwtfiato  and  high  9iin  including  tw 
aoymntv  of  gain  and  ataaorpion  and  moda  daiortion 


Motivation 

Early  FEL  imaiir  maUmtipmm  mfMmt(NOPAt)  us«d  a 
aommUormt  Inaar  aa  tta  maaiar  oacHaiBr.  Tha  eaciiat^  wax  rwn  wa# 
malchad  in  tima  ■tdipnoa  to  tMwvpMartMugtt  Oia  to  <ha  dihatani 
charactonatioa  of  oemrandonal  lOMca  and  FEU  Anal  FEL  MOPA 
■otoaa  taa  protoam  bm  nwhaa  toa  apatoO  id  tongwral  aaadap  protoam 
moraaoda.  HighgatoaNactomdiaildMeuiltomaichadattaaifvMar 
Tha  inalching  prototoni  can  ba  stMlad  Ufing  ainadatoon  oodaa  aucP  aa 
FELEXfdavatopadatLMAlmaMal.  Lite)  but  dtoaaoodaaahouidba 
baneh'mortiad  agtonal  an>anmantoi  raoufla  uaing  raaliate  iniha 
Gonditoona.  Tha  atcdon  team  and  tia  opted  ouipM  from  te  oiolatar 
Vwuld  te  wal  char  aclanaad  for  toa  coda  tench*niartung. 

Wa  haaa  caraMy  maaaurad  too  opdeal  and  alaciron  team 
characiahatoca  of  te  Madi  III  FEL  md  aocaiafator  arid  hawa  matchad  toa 
aipaiifnantal  raacte  to  dta  FELEX  awnulatoona 


ttrttL  1 


MOPA  Schamallc 


Exparimantal  Elactren  Baam  Paramatara 

aiap  Fimtkmm  htm  a*. 


ElaeVon  anargy 

MMaV 

PaakCurrani 

MA 

Enargy  SpraodfPWHM) 

0J% 

Horii.  Emtolaneof^ 

Ida  mmmrad 

Vort  Endttanaofbl*) 

temmmwad 

moropulaa  langih 

tpaao. 

Maoropuiaa  length 

topaaa. 

Mloropulaa  rap.  raia 

mriMi 

Maoroputoa  rap.  rola 

IS  Ml 

raf»«i 


ExpariniMiial  Optical  Baam  Paramalara 


Optical  Speciriim  and 
Aulocorrelallon  Function 


„  ,  _  ^  .  Auloconelalloii  FuncVon  M  Srnal 

C^iUcalSpacKumal  Sinai  Signal  signal  slicwwnq  loplial  inlaopulse  lenglh. 

MIciopiilso  HHigllt  InhHiad  iiQin  Ids 
ineasufeineril  it  1 .8  psec. 


iMfn  UMd  bi  «iwuH8on 
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Oabt  vs.  Vsfllcsi  Otoptoesmsm 


Ttw  sSn  iHriMntS  tttt  MflioS  bMMpQiitQn  iomm  vmI  viSt 
■iwJSiuiv.  \Ni«fS>»»«ip«c«wSilinHiiM<«i««Vtcii»«iHi»». 
TIohstensSwmSpShMotfciiSwtiSwIsmibMiwswinSMl 
liwiSiiii.  TI»a*«*.l«finnMpaii*onMiSwMd.  TMa 
wiislwmSSiwiliarMt»—Sli<t>0.1  iitiS  TM*aM 

WWV  *1 W  nVnSQWi  pVW.  wV  WW  W 

MgmiMinmSafnmaMipndUMdaiiMir,  mnsynanVic 
eunw.  'IhtsSnM.aMlpMiliena^tMarfiratantMaiManMr 
twunSMorcMMr.  Wii»iiiivh»*i»l»<igwMns  >SiM  <»»mw»i 
«lMnt»aMMStiMta«dkrys*SMn  Th»  iipiimn  itdn— 
Man  to  bft  vHtoi  Sto  toMSonteMiitoto  cfUcni  bMin  wtotoi 
T  ilmiiil  C—iSiiiBS«to9toa»««i«iusitoim|buli<dD«««si>« 
•MiSwwtoMan. 


VtoScto  Bisliri— nl  (wS 

SIMULATION  nWIH;  .Itoto 


Thrss  Dimsnslonsl  High  Osin  EHscts 


Otto  aapadi  m  mmrotor  gun  onto  atiicA  iwlto»«  *»»  gmn^fntd 
tmnmrnHffifm.  Wtan titM Smmiottol (Swto toktn ito» 
«eeounL »to «Stt« omri»t»»intonitoSitog»it»gii>».  ‘ntof^toWiMMS 


gtoi  CUV*  to  In  Wens  SMMMnvnl  toiti  tto  Nop*  ol  tto  ipontotooui  on* 

aatM  pnItoAIr  te  w<n  btotor  K  •  toM  eonMiMSM  Mtotototon  had  bMA 
ittodacanamngtwbaambriMtoton).  Thataangaaitiiailryeanbataan 
altondtotaaaSituntocnMgtontoptondya.  damning  tor  ouraMaM  10  A. 
»A.toM10OA«i*ittopaaAgtonnarinai<adUuniv.  ThatoaapMaldto 
auntatomaalvantoltoatorttoiaOAoaaa.  Thia  to  dua  to  a  Salaidan  in  tto 


a0cM  nada  alKii  aratoieaa  a  Tala- an  atoa  and  daeauglaa  (to  toaa 


aauaadbTtaaaataclion.  TNatoaaanaaanantofgananlaldataaamlndM 
tortaW. 
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NORMALIZED  GAIN 


Maday  ThaorMii  VIetaiad 
Oiw  to  Guiding  Eftects 


Gain  va.  Raaenanca  Raiamalar 


Rtunaic*  pmnMir  Ml  vawd  br  dunging  tw  ItegnMie  Md. 
I»eaei1iondi1|fnon«wnn«l  lining  1-Ogantan)l»linn  i.«.ao» 


SiffUniian  in  tom  FELEX  FEt.  codn  Iram 
Ion  Mnmon  Nntoul  Likonlaiy 


I 


t^TMlL  I 

CONCLUSION 


l.O^muknlMd 

2.  Oooi  nftiwuK  «Mi  AlmuMtan# 
(•fieri  pulse  •WeeH.ieede  evekitten) 

9.  Uwva.HIphpaIn: 


Figure  P-Ulb)  Trarwveree  mode  profile  lerUPW  (Pnenoediolo  geoij 


Figure  fi-iKc)  Treiwvene  mode  profile  (high  gem  eimuleiiori) 


•.OpileelonM  muet  eeertep  •HeFen 
eieMl  le  mealmke  geln  (leer  gsbi  effeeO 
b.  Heyummry  >i  gem  eurve  eeimol  be  ei^lelned 


_ ji  raeuRe  el  Imeneliv  dMrfcuitene 

end  Irla  •igurbuwn  ebew  gu^elhr>  ■gruiwiwi 
«r/.t  mode  oeeMlew 
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P3.‘t  7  Computer  Simulation  Of  Cathode  Heating  By  Back 
Bombardment  In  The  Microwave  Electron  Gun 

C.  B.  McKee  and  John  M.  J.  Madey 
Department  of  Physics,  Duke  University 
Durham,  N.C.  27706,  919-684-8144 

An  electron  beam  with  low  normalized  emittance,  2.5  x  10"^  m  rad,  can  be 
achieved  by  using  a  microwave  electron  gun  as  an  injector  for  a  RF  linac. 
However,  cathode  heating  caused  by  back  bombarding  electrons  causes  a 
ramp  in  the  macropulse  electron  current  structure.  A  transverse  magnetic 
field  can  be  applied  at  the  cathode  to  reduce  this  effect.  The  simulation  finds 
the  optimum  magnetic  field. 


Am  «*•  «««««•«• 


C.  1.  Trr-~  m.  f. 

Omitm  OwMa.  P.C. 


nm  mA—mmm  Pmmm  fTMCiy  •#/•««•  tMm  fmAm 

•g  •  m.  Ig  «*•  t«  m 

tPmm  t**  Ammimml  mggmmtA^mmmmm  •#  mmmgAAmg 

^9wmmm  9Mm  mimmtmmmm  pmg  «*•  A#  rmgmmmg.  Xm 

mggXtAmrn.  «»•••»•»••  •••«•«••  fprmmg  t*« 

tgtatmm§0mr  — | -  iAMvAtft*  •ms-  r* 

•  aAfft  V*A«.  MM  mmmgrn  •  Xmm  mACCmm*  «A«c«c««  »•— . 

»#•#«•  AtACM  t*«c  am  m  mfmtmm  »ACA  • 
mmmmmrwmd  AMiitMiAM  mAmwmMPpA*  •€  • 

t>ttt  M  vAAA#«A  XmmAmg  mmmm  pmrxAmXmm.  «•••▼•». 

— y— yA«  A#  immrmmmmg  Py  mgmrrmtammm  mm4 

mmmllmmmm  tmmmmm  xa  tA«  •i««cr«a  trmmmymwz  mymtmm. 
gmmrmgmmm.  ti»«  alaatraa  Pmmm  *•  yrmgmmmg  vitg  cA« 

^••A*ia  Bmmm  mmAmzmmmm-  M«t  aia*  *« 

aW  ••••iaaataa  cftat  aaaaaaeaaaa  aaa 

nrrll~r*r  tmrmmm  g»  aaaatAaaiijr  Aaaaaaaa  ta#  aMAtcaaaa. 

•aa  ta  ayaaa  aaarra  aaa  acaaa  mtimm**  ac  cm  aataaaa. 
CM  iiaaa#  mmm^gm  gmamaty  mX  mlmmtrmm  Pmmmm  caaa#  ca 
laaraaac  aAca  aa^ai  4Aa«aaaa.  Cammaamw  a  aaaayaa  MMAaia 
a#aa  aMaa  yarc  i  da  MaaAcy  laaaaaaaa  lAmamaly  aita  CM 
racial  4Aacaaaa  a^  ta  a  aaataaaa  a  aaa  xa  car 


Mc  alA  pawZAmXam  Am  CM 


aalaaACy  a#  #  yaraiAai 


ca  CM  a  aaiAa  aM  m  laXcAal 


N '  pvtidt  dtfWIf  pv  unrt  Itngit 

gy  gamma'*  Ma,  CM  alaaaaa#  /iaAtf  Aa  CM  pma%Aai.a’a  aaac 
Craaa  Mr  r  <  a  Aa 


a,’  •  gaa*/(gc^ga^f. 

9hm  gAaXga  Am  CM  AM  gamma  aaa: 

a,  •  r  a,- 

•a  •  f  *  *r‘> 

•  •  ra  a  m*  /(  X  •  M  a^  t 

VM  Mraa  m  aaa  ^aaaAaAa  Aa  cM  Maa  Ma  ca  CM  raat  at  cm 
Maa  Aa 

r»  -  f  X  -  p'*  I  a  r*  r^  r  /  f  1  a  «<>  > 

a  r»  /  r 

#Aaaa  a  /araa  cMc  Aa  yaayaaaAaaai  ca  r^  aXAA  AMraaaa  CM 
mmaaammmyAm  aaxtcaaaa,  f  aaaM  ca  m  aa  Mfa  aa  yaaaAMa. 
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Mlorow»v»  Electron  Gun  -  Overview 


eA«  PC  ^mm  ««  **•  !«>•««•#. 

CA«  t^*X4  mat  tPm 


f  MX««  • 


n«  94mpm%mt  ai— i«tA—  La  mm  mttmat  tm  tlMM  tMLa 


uMtarndm  MMM  Mm 

wAe^at  f  <i«f  tAay  mrcm  Lm  tMm  mmytAtj  m»  «t 
C««A«M.  MLtM  tMm  LMmMmmmmM  rLmJLM.  tMm  mLamMamma  mam 
MmmmLmamtmM  ^wLmMLf  «• 

aiAiAi«A«f  t*«  mttmmma  mt  apmmm  mMmagm  tmamma. 

TMm  mLeamwmmm  mLmmtamm  fmm  wma  4mamLmpm4  Mf  M.  A. 
wmatmmaMmrn,  JmMm  m.  J.  MaMmy,  L.  C.  VLmaaas  mmM  J.  r. 

••MM.  0aLM9  Lt  aa  MM  Lm^aaMaa.  tMa  MaaM  XXX  f  LLmmm  at 
SZaataaM  OmLwaaaLty  zeZLaaaM  a  aaammlLaaM  aMLZZMMaa  at  X.t  a 
10*^  m  aaM,  aLZM  a  MaxyMZaaaa  at  S  a  M/  a^  aaM^ . 

TMa  miaaawawa  aaaaiaaaZLMM  tLalt  Lm  zMa  m  yarn  mmm 

aaama  aazMaMa  MaazLmy  MaaLay  CM  oaaaaaz  maaaapaLaa .  A 
mLymLtLaaMZ  azmMar  at  aLaczaaaa  tMc  «m  mACCM  Laza  La  ZMa 

AT  paaLat  aaa  mc  ccMca  CM  aaaLzy  Mataaa  zMa 

aaaalaaazLay  tLalt  raaaaaaa  MLaacZLaa.  A  aamMaa  at  ZMaaa 
•laecaoM  aaa  aaaaLaaazay  MaaA  taaaaMa  aad  MC  CM  mcMM. 
TMaaa  LmpaozLay  alaazaama  aaLaa  cc«  zaaipaaazaaa  at  CM 
eaCMM.  n«  aaLaad  Zampaaazaaa  CMa  Laaaaaaaa  CM  aMMa 
at  mLaaZaama  aalCCatf.  aaaaLay  a  aamp  ia  ca«  aa^aMC 


It  aaa  appLLaa  a  zaaaaaaaaa  aagaat  <  r  tLaLt  aaaaaa  cM 
eavicy,  aoM  at  CM  MM  MamMaaPLay  aLaazaamm  aaa  Matlaazad 
aaay  taam  tMa  aazMaZa.  tamaaaa.  tMa  taawaad  amaaaaz  La  alaa 
attaazay  My  cm  appLLad  maymazLa  tLald.  fM  •ptLmam  tLalM 
ia  aaa  cMc  datlaaza  CM  MaA  MaaiMaadimy  aLaataama,  aMila 
kaaimy  zAa  laaaz  attaaz  aa  c*a  aaaiiia  taaaaad  a«aaMC 
faMaMC  at  aLaataama  aLzM  amaayy  aMaaa  ^9$  KaTf  aad 


aptLaam  mayaatLa  tiaid.  By  zMa  aaa  at  aampLa 

aLaazaamayaazia  taamaLaa  aad  aa  LtaaaZLaa  paaaaaa.  c*a 
CM^aaCMiaa  at  cAa  aLaataama  tMaaayM  cM  aawLty  aaa 
aaLamLazat.  BLttaaaaz  paaaLMLa  appLLad  taamawaaaa  aaymazia 
tLaLdM  aaa  alaalacM  aM  CM  aaaMa  tawaaad  aaaaMC  aad  MaaA 
CMAcraiay  aaaayy  taa  ••«•  La  aaiaMaCay. 

CM  iAiCMJ  aammLazLaa  appaaaLmataa  CM  fM  aaMCr  ta 
Aa  a  ALyMt  ayLLadaLaaL  aaaLty  La  a  paataat  aaadmataa.  OmLy 
tMa  CMyac  La  aaaLtad.  Maaaaaa.  ZMa  ZLam  Lmdapaadamz 
aaaazaaz  amtai  aLaazaLa  tLaLd  taa  zMa  fMl#  aada  La  aapimaad 
My  Mpfa),  CM  •laaCx.ia  tLaLd  aa  aaLa  yiaaa  My  ZMa  XJUA 
aampmtaa  aada.  CAa  aadLaL  aLaazaLa  tLaLd  La  aaaamad  za  Ma 
zaaa  aad  CM  MfMCAa  tLaLd  La  taamd  tram  aari  t  •  •SMftz . 
CM  cacai  aMayy  at  ZMa  aLaataama  zMat  Alc  cAa  aazMada  La 
zaLanLatad  za  Ma  2.4  a  toLl  MaV/mLarapaLaa  tar  zMa  aMaaa 
tiaLda.  TMa  apzLaaam  appLLad  traaaaaraa  maymaZLe  TLaLd  za  a 
aamataaz  St  yamaa  aaaaaa  zMa  aawity.  TMLa  appLLad  timid 
datiaaza  lit  at  tMa  MaaA  MaatLay  amaayy.  mMLLa  Laawiay  CM 
aaaAla  taaaaad  ouaraaz  wLataaLLy  aaaazaat. 

TMa  ptaaamt  azamLaZLama  aaa  a  mara  aaaaaaza  timid  aad 
ZMa  diaaaaiaaa  at  tMa  mam  yarn  oarizy.  TMa  tiaLda  aaa 
•aiaalacatf  taam  cm  maaaaLL  aymazLaaa  aad  tMa  aaaa  aymazLaa. 
yLaaa  CM  TLaLd  aa  tMa  a  amia  taam  tMa  Ukia  aada.  Maaica 
taam  ZMaaa  aLmaLazLaaa  aMaaLd  Ma  aaaLiaMia  La  ZMa  aamz  tarn 


I 

C 

ui 


ra«a«t 


Blaotron  anacgy  ik<«i  ri*ld  n  Constructed  Side  View 


A  Voasibl*  Solution  -  Apply  a  tranavaraa 
■agnatic  fiold 


C«aai4««  aaly  ^ka  aiacavaaa  aXaa«*lc  fiaX4  aa4  a 
aaaaaaat  •pviXa#  «»aaaaa«aa  aa^aavia  cxaX4.  Wfcaa 

tkaa 


r  •  ^  a  •  ) 

• 

vaava  ft  la  tfta  aaftiaa  at  amaaaftara  at  ftfta  ftatlaaftiaa.  Tftaa 
ft  •  a  a  /(  ^  ft  I . 

•laetvaaa  at  laaaa  vaiaaitiaa  a«a  ftatlaetaft  aoca  tftaa 
aXaacaaaa  at  ftiftftaa  aalaaisiaa. 


Bxpariaontal  data 

Ba^ai*aataX  «ata  aaa  taftaa  ta  aaaaaaa  tfta  tiiaaaat 
ftaaaa  aaaftaft  ftaa  a  fAvaa  aatftat  aaaaaat  taa  aaataaa  aftftiXa4 
aaoMia  tialfta.  Aa  tfta  aft^liaft  tXaXft  iaaraaaaa,  aaaa  at 
tfta  ftaaft  kaaftaatflaf  alaataaaa  taa  ftatlattatf  taaa  ftittxaf  tfta 
aatfta4a.  *a  ftaay  tfta  aat^at  aaaraat  aaaataat.  tfta  tiiaaaat 
yaaaa  ftaa  ta  fta  iaaaaaaaft  ta  aafta  aft  tar  tfta  ftaaar  iaat  fty 
ftatiaatiaft  tfta  aXaatraa*  fra*  ftittXaft  tfta  tatftafta.  Xa 
aftftitiaa.  ftfta  aftftXia4  aaftaatXa  tiaXft  ftatlaata  a aaa  at  tfta 
aaanaX  aatftat  aarraat.  Tfta  taaftaratara  at  tfta  aatftaaa  aaat 
fta  taarat**^  ta  aaaftaaaata  tar  tftXa  Xaat  aarraat. 

tfta  tXrat  aaaftatar  aXaaXatxaa  ftratxata  tftat  a  <•  ftaaa 
tlaXa  datlaata  tftaat  29»  at  tfta  ftaali  •aarfty.  Tfta  rarkaat  at 
aXaatraaa  aitft  aaarftlaa  tftaaa  YIO  TaV  Xa  aat  attaatat. 
Baaaaar.  tfta  aaftarXaaattX  4ata  aaaa  tfta  tataX  aarraat.  Tfta 
laaar  aaarfty  aXaetrata  a^a  aatXaata4  aara  tftaa  tfta  ftXfft 


ApDtiad  B  M 
anotftaoapar 


mtartit  rtaM  (9*Ma> 


Computar  Siaulccieo 

■a  aXaatraa'aXactraa  iatartattaa 
BXaatraaa  aaa  aat  raaxatxaf 
■a  tar fa  eftarfar 


taaaaa  tfta  r^XXaa  ttaXtf  4mfmm4m  —If  aa  r.  tafXar 
aariaa  rayaarXaa  tftaat  •  • 

»(a>a  Blt«0  *  (tfft^ftalgae)  >  *  (ft’ft/ftr^ts.o) 
a  fta  ♦  ftX  •  «  *3 


CaieaXatiaar  at  tfta  tlaXta 
tXrat  rAjaaXatxaa 

fta(r,a,t)  •  fto(r»  -JoUfiv/ft)  a~^^ 

ftfirwO.tl  fiaaa  fty  lAXft 

ft  fxaaa  fty  tfta  afattXaa  tar  raaaaaaaa 
trafa aariaa  tar  TV  ryitaftac  arftrr . 

Bgtr.s.tl  •  9 

r.r.t)  fraa  aarX  ft  •  •41/^ 

traaaat  riaaXatXaa 

tlafXa  trafvaaay  m 
■otr^.al  fiaaa  fty  UXXft 

Cg  (r.r.t)  fraa  aaaa  a^aatxaa 

Brir.t.t)  aaa  ft^ <  r.r.t)  MaaaaXl'r  afattiaaa 

aaiaf  Cg  (r.r.t)  aa  raXraXataa  tftaar 


ftaxatxaiatie  traataaat 

ftft**  /  at  ■  f  av  ) 

ftaft  a  f  /  a  a^  at 

Tar  rarlX  ttaa  ftariafta.  At 

-  rM,  m  f/a  a^TVU(,ft)  tt 


lack  bftfttlD^  of  tbft  old  MM  Goa 


back  ftftftTVf  (  10  KftT  ) 


OftXy  tfta  aaaftXa  alaatraar.  tftara  aitft  aaarfy  tftraa  TtO  ftaT, 
tra  iaaXadaO  La  tfta  aatftat  aarraat . 
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The  ETA-II  Induction  Linac  a*  a  High  Average  Power  FEL  Driver* 

W.  E.  Nexsen,  D.  P.  Atkinson,  D.  M.  Barrett,  Y.-C.  Chen,  J.  C.  Clark,  L.  V.  Griffith, 

H.  C.  Kirbie,  M.  A.  Newton,  A.  C.  Paul,  S.  Sampay2tn,  A.  L.  Throop,  and  W.  C.  Turner 
Lawrence  Livermore  National  Laboratory 
University  of  California,  Livermore,  California  94550 

The  Experimental  Test  Accelerator-II  (ETA-II)  is  the  first  induction  linac  designed  specifically  to  power  an  FEL.  It  is 
intended  to  demonstrate  accelerator  technology  by  driving  140  and  250  GH*  FELs  which  will  be  used  for  plasma  heating 
experiments  in  the  Microwave  Tokamak  Experiment  (MTX)  at  LLNL. 

*  Work  performed  under  the  auspices  of  the  US  Department  of  Energy  by  the  Lawrence  Livermore  Nationed  Laboratory  under 
W-7405-ENG-48.  ETA-II  accelerator  development  is  part  of  SDIO/SDC’s  induction  free-electron  laser  Science  and  Technology- 
Program. 


ETA-II  induction  Call  Design 

•  Designed  to  minimize  beam  breakup  (BBU)  Instability. 

•  Ferrite  loading  looks  like  transmission  line. 

•  Uniform  electric  field  along  surface  of  insulator 
less  than  50  kV/cm.  Field  stress  In  gap  less  than 
200  kV/cm. 


Ths  ETA-B  3  kA  ln|sctof  Pssla 


•  Injsctor  rsquirsd  to  supply  3  kA  boom  eurront 
at  an  A-K  voltaga  of  1  MV. 

•  DPC  coda  usad  to  dasign  dioda  Infactor 
configuration. 


Calhoda  Typa  “M" 
DIamalar  12.7  cm 


Radiua  of 
curvatura 


36.5  cm 


A4(  gap  7.6  cm 


vmv) 


•  Tha  axparlmantal  l-V  data  agraas  wall  with  lha 
pradictions  of  lha  DPC  coda. 


o  FEL  exp«rlments  will  require  3  kA,  50ns  beam  pulses 
at  a  5  kH2  PRF  for  0.5  sec. 


•  No  evidence  of  the  BBU  seen  at  up  to  3  kA  beam 
current. 


o  A  ’’M”  type  dispenser  cathode  capable  of  pulse  current 
densities  greater  than  50  A/cm^is  used. 

o  In  early  operation  the  cathode  emission  was  poisoned 
by  the  background  pressure  of  Freonll3. 


PP(TORR) 


o  Use  of  Fluorlnert(FC75)  and  Viton  0*rlngs  In  the 
induction  cells  produced  low  10'®  Torr  base  pressures 
(residual  gases  are  mainly  water  vapor  and  CO)  and 
eliminated  the  poisoning. 


High  voltaga  breakdown  across  the  vacuum 
surface  of  the  Insulator  is  an  Intermittent 
problem.  Cause  Is  under  investigation. 
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0  Using  a  5”  diameter  type  "M"  cathode  we  have  met  our 
requirements  for  a  3  kA,  50  ns  pulse  width,  beam. 


CTA-1 9mm  Kiwrar  MtnurniiHi 

•  tfwfflr  mmtfm  m—  how  p  otWow  wowhoft  t>  wmin 
taMMfMgia  tfMf9r«irlMkM«l&i%eMl»fMe»wai. 


•  ElldimULopiniwiiUMlfibMmifgywguiiioii 
viiMn  tliL  liipi»tnopOT<a«i>i»»tfgy¥fi<<oii 
It  wMMn  Ms  raf^  tantoowt  1«  M 

CftocftwMo^ 

FItM  lint  tM  plut  tntrgy  MrttUtn  ttutt  tortocrttr  motttn  of  tut  kotm 


Corfctertor  tl  IN  «rtl  of  CTM  occtitrtitr  for  ont  tot  of  oondpltnt  It 
■litorn  tPovt 

0fltitnl  fWL  opt  rollon  rtquirtt  cortaciow  tmplIuOt  <1  mm  inri  0.1  mm 
■IgnmtfO  of  IN  mtontOe  txit 

Meeting  the  Energy  Regulation  Goals 

0  ETA-II  energy  regulation  goal  is  *1%  for  50  ns. 
o  Reconfiguration  of  cell  power  teed  plus  passive 
compensation  is  required. 

o  Present  feed  distorts  high  voltage  pulse, 
o  Response  of  cell  ferrites  is  ignored, 
o  Multi-cable  feed  will  eliminate  distortion, 
o  Tapered  PFL  will  compensate  for  ferrite  response 


ETA-II  brIghtrwM  it  mttturtd 
with  a  two  holt  collimator 


>  ■  aptet  Bnaffi  aiimwOio 


Cn>WW»V) 
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ETA-II  Magnetic  Alignment 


o  Correction  coil  current  ratios  for  producing  a  cell 
block  magnetic  axis  straight  to  within  0.1  mm  of  the 
mechanical  axis  were  obtained  by  low  energy  electron 
beam  (LEEP)  mapping. 

o  Cell  blocks  were  optically  aligned  with  respect  to 
each  other. 


o  Interceii  solenoids  were  mechanically  aligned.  Field 
errors  produce  corkscrew. 


>> 


1 


X' 


0  Above  corkscrew  caused  by  ±  2%  energy  variation  Is 
predicted  to  cut  FEL  power  in  half. 


o  LEEP  gear  tor  aligning  the  complete  accelerator  is 
under  construction. 


ETA-H  Program  Summary 


0  As  a  test  Nd  for  high  average  everege  power 
technology  ETA-II  end  eseocleted  experiments  have 
satisfied  their  initial  goals. 


j.muic'.ion  Pesuits 


o  Magnetic  alignment  end  eNrgy  fletness  are  perceived 
■s  tN  most  important  problems  faced  In  meeting  the 
future  go' '  of  high  average  power. 

o  Solutions  for  these  problems  are  reedy  to  N 
implemented  end  tested  on  ^A-fl. 

o  LEEP  will  N  used  for  megr>elicelly  aligning  IN 
entire  accelerator. 

o  Replacement  of  present  ceil  block  pulse  power 
feeds  with  multi-cable  feeds  plus  passive 
compensation  should  give  required  energy  flatness. 

0  TT>ese  changes  ere  ecNduled  for  tN  next  year. 
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P3.19  Final  Design  and  Cold  Tests  for  a  Harmonic  Ubitron  Amplifier  Experiment* 

H.  Bluem,**  R.H.  Jackson,  D.E.  Pershingt  J.H.  Booske  and  V.L.  Granatstein 

Naval  Research  Laboratory,  Code  6840  Lab.  for  Plasma  Research,  University  of  Maryland 

Washington,  D.C.  20375  College  Park,  MD  20742 

The  experiment  will  examine  harmonic  operation  in  a  Ku  band  Ubitron.  Three  dimensional  nonlinear 
simulations  of  the  interaction  predict  untapered  efficiencies  of  3%  few  the  third  harmonic  and  7%  for 
the  second  harmonic  periodic  position.  The  project  is  presently  in  the  cold  test  and  assembly  stage. 


Introduction 

•  UbItrons/FEL*  aro  high  voltaga  davicaa,  V  »  100  kV. 

9  For  many  appllcatlona  highar  traquanclaa  at  lowar  voltagaa 
ara  daairad. 

•  Harmonic  operation  of  tha  ubttron  la  a  poaalbla  way  to  Incraaao 

tha  Iraquoncy  whila  kaaping  tha  voltaga  low  and  tha  wigglar 
partod  large  enough  to  ba  practical. 

■I  For  a  given  fraquancy  and  vilgglar  period  tha  voltaga  reduction 
acalaa  aa  n^  aa  vottaga  goaa  to  zaro  and  Vn  at  high  voltagaa. 

■  In  waveguide  conllguratlona,  cutoff  propartlaa  and  grazing 

Incidence  operation  can  ba  utlllzad  to  control  tha  poaalbla 
Interact  Iona. 

■  HowMvar,  lovmr  gain,  bandvridth,  and  graatar  raatrictlona  on  axial 

velocity  spread  ara  alao  eharactarlatic  of  harmonic  operation. 


UNCOUPLED  DISPERSION  CURVES 


SCHEMATIC  OF  HARMONIC  UBITRON  EXPERIMENT 


Harmonic  Ubitron  Exparimantai  Paramatars 


harmonic  no. 

1 

2 

3 

waveguide  mode 

TE01 

TEfTMl  1 

TE01 

voltage  (kV) 

250 

120 

55 

current  (A) 

25 

15 

10 

Bw  (kG) 

1.5 

1.5 

1.0 

calc,  efficiency  (%) 

>15 

7 

3 

waveguide  height  (cm)  1 .58 

waveguide  width  (cm)  3.48 

Rb  (cm)  0.25 

Iw  (cm)  3 

frequency  (GHz)  12.4-18 


ON  AXIS  HELD  OF  8  LAYER  WIGGLER 


Z  (cm) 


INPUT  COUPLER  COLO  TEST  CONRGURATION 


TWO  EQUAL  AMPLfTUOE. 
IN  PHASE  INPUT  SIGNALS. 
TE10  MODE  IN  WR62 


Frequency  Response  of  Input  Coupler  to  TE01  Mode 


SCHEMATIC  OF  CALORIMETER 


PERFORMANCE  OF  RF  INPUT  COUPLER 

Efllcl«ntly  launchM  ■  TEOI  mods  Into  ovaniza  wavagulda 
(loaaaa  >  1  dS) 

Uoda  purity  la  good  (apurloua  modaa  ara  at  laatt  10  dB  balow 
daalrad  meda,  TE10  la  >20  dB  balow) 

Baam  hola  conirtbutaa  to  moda  convaralon  balow  16  QHz,  but 
baa  vary  littia  alfaci  abova  16  GHz 
Pbaaa  dlflaranca  batwaan  Input  porta  la  critical 


INSULATED  HOUSING 


CALORIMETER  PARAMETERS 

Flow  rata:  100-1500  ml/mln 

Tamparalura  OHIaranca  Raaolutlon:  s  0.01°  C 

Ranga  of  ATamp.:  0.1  -  z  1.0°  C 

Pulaa  width:  Ipa 

Rapllltlon  rata:  10  -  60  Hz 

Ranga  of  Maaaurabia  Avoraga  Powar:  <  1  -  >  100  W 
Ranga  of  Maaauraabla  Paak  Powar:  10  kW  - 10  MW 


SUMMARY 

An  axparimant  haa  baan  daaignad  1o  atudy  tha  faaalbllly  of  utilizing  harmonlCB 
to  lowar  tha  oparating  voltaga  of  ubitrona 
Oparatlon  at  aavaral  hannonlca  will  ba  achiavad  through  voltaga  tuning 
Third  harmonic  oparatlon  givaa  a  factor  of  5  voHago  raductlon 
An  alghi  layer  REEL  wigglar  will  provide  IMdo  up  to  2ka  with  good  uniformity 
A  higher  orrfar  moda  Input  couplar  haa  baan  daaignad  which  couplaa  aft Iclantly 
over  tha  entire  waveguide  band  with  moda  control 
A  calortmaler  daaign  which  provMae  llailbla  handling  of  avaraga  and  paak 
poarar  haa  baan  davalopad  and  la  under  conalrucllon 
Complala  asaambly  and  oparatlon  ara  axpaclad  aoon 


*  Work  supported  by  the  Office  of  Naval  Research 

*•  Laboratory  for  Plasma  Research,  Univ.  of  Md,,  College  Park,  MD  20742 

t  Mission  Research  Corp.,  Newington,  VA  22122 
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P3  20 

ONDINE  ;  Studies  About  A  High  Power  Microwave  F.E.L.  At  C.E.S.T.A. 

H.  BOTTOLLIER-CURTET,  J.  BARDY,  C.  BONNAFOND,  C.  BRUNO,  J.  DELVAUX,  A.  DEVIN 
P.  EYL,  J.  GARDELLE,  G.  GERMAIN,  J.  LABROUCHE,  J-  LAUNSPACH 
P.  LE  TAILLANDIER,  G.  PIXEL 

Commissariat  a  I'Energie  Atomique 
Centre  d' Etudes  Scientifiques  et  Techniques  d' Aquitaine 
P.O.box  2  -  33114  LE  BARP  (France) 


An  Intense  Relativistic  Electron  Beeim  Device  (Marx  generator  +  Pulse 
forming  network  +  Hot  cathode  :  3  MV,  1  kA)  is  completed  for  investigation  of 
a  single  pass  amplifier  at  35  GHz. 

A  bifilar  helical  wiggler  with  an  adiabatic  entrance  immersed  in  a  guiding 
magnetic  field  will  be  used  and  a  tapered  output  is  planned. 

A  wave  number  spectrometer  has  been  carefully  designed  to  give  a  precise 
multimode  analysis  in  an  oversized  waveguide. 

F.E.L.  output  is  expected  to  be  at  several  hundreds  of  MW. 

EUPHflOSYNE  :  A  PULSED  POWER  ACCEI  PRATOR 


I  I 


gwawF  CMPAcremsrKS  CAm  am  EfncgMcr  ^  .  u  /•  J  w 

JS  an,  -  aiCnONBlAM  I  stu 
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INTERACTION  BETWEEN  A  RELATIVISTIC  ELECTRON  BEAM  AND  A 
RELATIVISTICALLY  STRONG  ELECTROMAGNETIC  PUMP  WAVE 


A.  BOURDIER*,  J.M.  BUZZI 

Laboratoire  de  Physique  des  Milieux  Ionises,  UPR  287  du  CNRS 
Ecole  Polytechnique,  91128  Palaiseau  Cedex  'France) 

*  Also  in  Centre  d' Etudes  de  Limeil-Valenton,  BP  27, 

94190  Villeneuve-St-Georges  Cedex  (France) 

We  replace  the  wiggler  by  a  strong  electromagnetic  pump  wave.  In  a 
frame  in  which  the  propagation  of  the  wave  is  time  dependent  only,  we 
show  that  an  electromagnetic  wave  can  be  amplified  due  to  relativistic 
effects.  The  pump  wave  can  propagate  either  along  or  perpendicularly  to 
the  beam. 


H«  replace  tuu  by  ,i  etiong  elect  romagiK-i ic  pump  wave  which 

propagate  cltliei  along  or  (>erpendlcularlY  to  beam.  Wc  ahow 
MiAt.  In  the  Mrat  tliu  treatment  o(  the  interaction  le  greatly 

t•lnpUfied  by  making  a  UxcntA  transformation  to  a  trame,  L'.  in  which 
the  spatial  variable  lor  ihe  pump  wave  propagation  no  longer  api>ears. 


If  w«  consider  a  super lummuns  wave  propagating  in  the  a-directlon 
With  the  general  form 

A  (r,t)  •  Ap  ((0),  e  •  -  k,t 

V 

"o‘  ■  '•o'  ■  '  U'  •  —  I'l  -  («'  ♦  Vt'il 

c 

This  quantity  depends  on  time  only  in  a  frame  (L*)  r.uch  as  (1,  3}. 

IS  the  phase  velocity  of  our  wave  in  the  lab-framc.  Then  in  (L*) 
e  -  «  •  i  ■ 


If  wc  wish  to  use  the  dtpolr  approiinatlon  in  thv  beam  frame  (Ft,  «c 
must  have  ( 2} 


which  means  <P)  m<>ves  veiy  uJ.-wly  with  respect  to  (I.*).  The  condition 
which  has  to  bs  respected  io 


V  lo  the  epeed  of  the  besm  in  the  lab-freme. 

IDtO — U — haa  a  PtiYeical  f"raniP<i_tQ_neQlect,  the  aaatlal  depend^r.e«> 
of  the  Dump  wave. 

When  our  condition  appUvs 
is  given  by 

1 

f  ■  -  E 

«  I  K 

1 

E*  ■  -  E 

y  j  y 

E*  •  t 

S  2 

here  we  assume  there  Is  no  constant  magnetic  field. 


in  (P),  the  electric  field  of  the  pump 


Considering  a  pump  wave  propagating  along  the  t-axis,  we  can 
obtain  |SJ  (working  in  (F))  a  Kathicu  cq.  for  the  perturbation  of  the 
magnetic  field,  Tllii  aituation  is  not  very  interesting  as  the  factor  » 


We  study  in  detail  the  a»re  interesting  esse  when  the  pump 
l>ro|Mgetes  perpendlcvlerly  lo  the  beam  (in  (F))-  The  electric  field  2, 
assumed  to  be  in  the  r-dircctjon.  We  start  with  naiwell's  and 
Lorentt's  Eqs..  Coad>ining  ihc  rcroth  order  Cqs,  we  determine  the  form 
ol  the  pump  wave  in  (F)  (3. $.6], 


Then  we  linearise  these  equations  end  perform  e  Fourier 
transformation  on  space.  We  take  the  cross  product  with  k  of  one  of 
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Ills.  .1.1.1  ot  U|..  Wt’  coml.|i;<  i:i4.-  iw.i  l^p..  t><it  .t .  ii-.t .  'I'ltis 

li-jilv.  lo  {..llowinQ  •Bprcuuloit  90VitinMf]  litti  magncilc  <.t  thv 

!•*  I  I  u(  Ult  ion  (  J  .  4  «  61- 


*  Q  (I  -  -  COM 

3t'  4 


•s  *  consequence 


Q  •id  (1  _  _  . 

p  4  u 


I  •  —  w  f 
MX  16  p 


Let  us  consider  Cor  instance  a  beaai  such  as 

w  •  10"“  s  * 

P 


Hufereaces. 

1.  D.B.  Mlnkles,  «1«M  .  ( Itii  t  vi-r  u  1 1  y  of  Tcnnc:i!><'r .  ovo.i.ii 

on  University  Hi  ■  i .  i  i  im  .  «  i  .'‘ji  4  . 

2.  A.  Bourdie'«  G.  O:  hn...,  ..n*l  I'.  i;r  i  )  1  .uumi  k  ,  IMiy:..  U-tt.  A  ^ 

(l«741. 

3.  A.  Bourdler«  Tt>c:'>t-  J'liai,  iimvciMi^-  dn  Idii'i-Sud,  Centre  d'Oi:. 

n»7ei. 

4.  M.L.  Tsintsadze.  T.or  .  fit.  yj .  12M  {1970>  isovn-t  Phy 

JETP,  12,  664  <1-771  }  j  . 

9.  A.  Bourdier,  D.  IUil>0(tn«‘.iii ,  i; .  Ui  bonn  anii  X.  Fortin,  Phys.  Kev. 
11.  1194  (1976) . 

6.  A.  Bourdier,  G.  U>  Uon.t,  x.  Fortin,  and  C.  Massclot,  Phys.  Kcv. 
11.  667  (1976) . 


then,  when  v,  *  0,3  (c  •  9.10  ) 


y  -  6.6x10 

siax 


>  -1 


In  the  very  relativistic  situation  when  v.  ■  0-91,  (<  •  0.81).  wc  have 


I  •  6.16x10  s 

•ax 


No.,  .c  nujt  Into  con.ld.f.tlon  , 

ir.  our  laodcl . 
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Relative  Gain 
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GAS  LOADED  PEL 


I 


THFOASIOADEDFEL: 

-  Oper^g  an  PEL  at  shoit  wavelengths  is 
expensive  as  it  requires  a  storage  ringM 
provide  very  high  energy  electrons.  Tlie 
gas-loaded  PEL  is  designed  to  obtain  short 
wavelengths  without  the  necessity  of  very 
expensive  facilities. 

-  In  a  vacuum  PEL  ,  the  electrons  propagate 
with  velocity ; 

V,  -  where  c  is  the  vacuum  velocity  of 
light  and  p  <  1 

Introducing  a  dielectric  medium  with 
refractive  index  n  slows  the  light  wave  but 
does  not  significantly  effect  the  velocity  of 
the  electrons. 

The  synchronism  condition  becomes: 


(n-l) 


X  _i+a;; 


Thus  a  lower  wavelength  satisfies  the 
synchronism  condition  for  a  given  M  of 
beam  and  wiggler  parameters  than  in  the 
vacuum  case. 

It  is  now  possible  to  achieve  net  gain 
with  the  electron  slipping  DI  advancing  by 
one  optical  period  per  wiggler  period,  as 
indicated  by  the  plus  or  minus  sign  in  the 
syrichronism  equation. 


The  advani.iyes  to  adding  a  gas  are: 

1-The  ability  to  tune  the  PEL  over  a  large 
bandwidth.Wavelength  shift  from  the 
vacuum  wavelength  : 

AA  -  -  A.( n  - 1 ) 


2- A  reduction  in  the  cost  and  sire  of  the 
accelerator  for  a  given  wavelength. 

3- An  increased  gain  per  unit  length. 


GFEL  Gain  vs.  H2  Pressure 


A 

— 

_ 

— 

“ 

■■ 

— 

■J 

_ 

_ 

ZZ] 

0.0  - - ' - • - ' - ' - - - ' 

0  100  2C0  MX) 

H2  Pressure  (Torr) 


AT  X  =  600  A 

Male  Own 
SlMfaeUavovIy 
Etacifical  Ei«iaaia|  Dcpl 
Suarad .  CA  H30S 

CairaUn  :  a  H  Faaall 
J  FciMK'fl 
A  llo 

.  II.D.DwInu* 


Potential  ornhlems  with  the  GFEL: 

1 - Alterations  in  the  election  beam  because  of 
the  scattering  in  the  gas  and  the  containing 
foil. 

2- nasma  effects  due  to  the  ionization  of 
gas  molecules. 

r.FFl.  EXPERIMENTS  IN  MARK  Ill 

-GFEL  first  operated  in  MARK  III.By 
introdiKing  200  Ton  of  gas  we  obtained 
7300  A  wavelength  shift  in  the  infrared. 


TgAMf  cwrv*  tt  OPCV  MAIIK  ■  MIHHtMMHL 


The  plasma  generated  from  the  ionization  of 
the  hydrogen  molecules  diminished  the 
oscillator  gain,  but  this  effect  was  eliminated 
by  the  addition  of  an  electron  attachment 
gas,  C4Fg  .Gain  was  also  reduced  by 
multiple  scattering  of  the  beam  electrons  but 
this  effect  was  not  severe  for  a  one  meter  of 
wiggler  Icngth.Also  it  was  very  sensitive  to 
energy  spread  and  focusing  of  the  beam. 


■nmn 

EafMMI 


EXPERIMENTS  IN  STANFORD 
SUPER  rONDIICTlNG 

accelerator  : 


At  the  present  time  ,  GFEL  experiments  are 
conducted  in  Stanford  Super  Conducting 
Accelerator  (SC  A). 


With  an  electron  beam  of  66  Mev.we 
obtained  3S0  A  wavelength  shift  from 
vacuum  wavelength  of  1.6  pm,with‘*S.8  Torr 
of  hydrogen. 

Future  experiments  are  planned  at  SCA: 
Goals  are: 

-Improve  the  gain. 

-Lase  at  shorter  wavelengths. 

-Increase  the  gas  pressure. 


Duffw  of  «i4i»  iM  |a  etaaber 
for  (ifcnanis «  MASK  Ml 
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fiEELATWA; 

•Near  the  electronic  resonance  of  helium, 
which  occurs  at  X-584  A.the  index  of 
refiraction  becomes  large.$o  it  is  possible  to 
use  low  gas  pressures  Jieoce  less  degradation 
of  the  electron  beam  quality. 

-With  11^220 ,  and  using  typical  electron 
beam  parameters ,  IS  Tore  of  helium  is 
sufficient  to  oscillate  at  X-600  A  with 
enough  gain  to  overcome  the  mirror  losses . 

-Some  small  wavelength  tuning  is  possible 
by  changing  gas  pressure .  For  example.with 
27  Torr  of  helium ,  oscillation  wavelen^ 
becomes 615  A. 

-Other  schemes  to  operate  around  X-600  A  . 
requires  much  higher  energies  .  and  have 
much  more  stringent  requirements  on  the 
electron  beam  quality. 


-In  contrast  to  the  vacuum  FEL ,  here  the 
wave  falls  behind  the  electron  micropulse, 
since  the  operation  near  resonance  leads  to 
a  reduction  in  ^txip  velocity  for  the  wave , 
and  in  turn .  this  sets  a  limit  on  the  wiggler 
length. 

-Micropulse  semaradon  must  be  high  enough 
(several  tens  of  nanoseconds)  in  order  for  the 
plasma ,  which  is  produced  by  the  collisions 
of  electrons  with  gas  atoms ,  to  diffuse  away. 

-A  helical  wiggler  is  used  to  avoid  the  gain 
reduction  resulting  from  the  Bessel  hincuon 
coefficient . 

-Around  600  A  ,  mirror  reflectivity  is  very 
low  ,  this  necessitates  the  use  of  a  ring  cavity 
with  six  or  more  multifaceted  aluminum 
mirrors  .  which  has  round  trip  reflectance 
in  excess  of  50  %  . 

-Absorption  loss  in  helium  is  not  as 
significant  as  mirror  losses . 


TABLE  1 

FEL  operating  parameters  for  helium 
loaded  FEL 

Wi|^  leBfth , 

MS  cm 

Wiggler  period , 

2.3  cm 

Wiggler  type 

belical 

W^^kr  parameter , 

J 

Electioo  energy .  Y 

220 

Nonnalttcd  beam  emuunce 

7  Kmmmrad 

Electron  beam  energy  tpread 

0.2  -  0  4  « 

Electron  beam  radius 

0.2  mm 

Peak  cunem 

100  A 

Micfopulte  duration 

6psec 

Micropulse  repeiitiOA  period 

80'IOOnwc 

Hi 

Hi 

Hi 

1^1 

Hi 

Hi 

IH 

H 

IH 

Hi 

IH 

m 

Hi 

HI 

IH 

PH 

Hi 

Hi 

Hi 

PH 

Hi 

Hi' 

Hi 

■1 

a 

Hi 

Hi 

a 

Hi 

HI 

HI 

Hi 

a 

■I 

HI 

Hi 

Hi 

Hi’ 

«»  IT  ■»  O  »  » 


Single  pass  power  gain  vs 

Single  pass  power  gain  vs  beam  energy  elecron  beam  waist  sire  . 

atX>600A 

(  Y  =220  ,  £  =  Tit  mm  mrad 
AE/E  *  0.2  %  1 


Wavelength  vs  helium  pressure  , 
Y-220  ,  a,-l  2.3 cm. 


Single  pass  gain  vs  wavelength  for  helium 
loaded  GFEL. 

(Po^)  denotes  the  single  pass  small  signal 
gain.Since  the  gam  is  quite  high  it  is 
evaluated  at  the  exponential  regime  . 

For  AE/E  =  0.2%  ,  at  X  »  600  A  signal  is 
amplified  by  a  factor  of  9  ,  or  9.S  dD  ! 

(Po/P)^i„  is  minimum  required  gain  for 
the  signal  to  build-up  It  has  a  very  high 
value  because  of  the  low  reflectiviiy  of  the 
mirrors  at  these  wavelengths  . 


Diagram  of  proposed  600  A  GFEL  ; 
a  helical  wilier  with  a  ring  cavity 

A  boron  nitride  foil  is  used  inline  with 
the  electron  beam  .  in  order  to  prevent 
the  gas  entering  the  accelerator  . 
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Microwiggler  FVee  Electron  Laser  Experiment 


R.  Stoner,  S.C.  Chen,  and  G.  Bekefi 

Department  of  Physics,  Plasma  FXision  Center,  and  Research  Laboratory  of  Electronics 

MIT,  Cambridge,  MA  02139 


We  present  experimental  and  computa¬ 
tional  results  of  several  microwiggler  struc¬ 
tures  having  periods  of  2.4-10  mm.  Good 
tunability  and  precision  of  wiggler  field  are 
demonstrated.  A  peak  field  on  axis  of  greater 
than  5  kG  is  achieved  with  a  5  mm  gap.  We 
also  describe  our  microwiggler  FEL  experi¬ 
ment,  (under  construction)  driven  by  a  450 
kV  Marx  2md  a  thermionic  gun. 


MIT  Microwiggler  Teat  Pieces  —  Phystcel  Cheiwctcrutice 


Period 

MW-l 

2.4  miD 

MW-2’ 

8.4  mm 

_  M‘W-3 

10  2  mm  ' 

Cap 

3  0  oifD 

5  1  mrs 

5  1  mm  ! 

'-600  C 

-800  G 

>4.6  kC 

Number  of  Pertodt 

30 

5 

4 

Number  of  CoiU  Per  Period 

4 

4 

4 

Number  of  Tumi  Per  Coil 

160  (  40  AWG) 

85  (32  AWG) 

50  (32  AWG) 

Ferro-Core 

310  kG 

>16  kG 

>16  kC 

Gaum  per 

•r 

•  ampere  per  coil) 

ID  linear  regime 

12S 

120 

150 

Tunability 

Eiaeh  half  period 
■ndepeodently 

tuneble 


Goals  of  the  MIT 
Microwiggler  Project 

•  Design  and  build  a  tunable  SO-period  wiggler  with  a  period 
<1  cm,  peak  field  amplitude  of  3  kG,  and  of  better  than 
1%  percision  of  periodicity. 

•  Design  and  implement  a  tuned  wiggler  field  ampUtude  pro¬ 
file  with  random  field  amplitude  errors  of  <1%. 

•  Develop  e-beam  optics  for  SLAC-style  Pierce  thermionic 
gun  to  obtain  a  beam  of  ^2  mm  radius. 

•  Integrate  microwiggler,  450  kV  Marx  accelerator,  and  thermionic 
gun  to  produce/amplify  <1,8  mm  microwave  radiation. 

MW-3  Design  Greatly  Increases  Flux 
Density  Delivered  Across  the  Gap 

•  We  placed  the  current  windings  as  close  as  possible  to 
the  gap,  and  shortened  and  widened  the  poles  pieces  (as 
compared  to  MW-2): 


MIT  Microwiggler  MW-3 


^  MW-3’s  magnetic  field  per  input  current  density  ts 
increased,  and  saturation  field  is  many  times  larger 
than  that  of  MW-2. 

=»  “End  effects'  even  at  saturation-level  fields  are  very 
small. 

•  We  eliminated  flux  return  paths  and  greatly  simplified  the 
core  geometry 

=>  Fabrication  ij  made  much  caster,  and  the  wiggler  can 
be  made  very  physically  compact. 


MW-3  MAGNETIC  FLUX  MAP  (computed,  POISSON) 
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8y(y)/By(y-0.0) 


FMd  Propnrtiea  of  tbe  MW-S  Prototype 

The  following  illustrations  describe  field  properties  of  the 
MW-3  prototype; 

•  Peak  field  (on  axis)  vs.  input  current  at  a  location  near 
tbe  middle  of  the  wiggler  (MEASURED). 

•  V'iggler  field  profiles  along  the  wiggler  axis  —  untuned, 
and  tuned  to  a  flat  amplitude  profile  (MEASURED). 

•  Transvene  field  profile  (MEASURED). 

•  Off-axis  wiggler  and  axial  field  (CALCULATED,  using 
POISSON). 


On-Axis  Peak  Field  vs.  I  —  MW-3  Prototype 


By(y)  Profile  Across  the  Wiggler  Gop  (linoor  B/l  regime) 


POISSON-  fields  ot  woveguide  woll  (olong  oxis  ol  y-  1  87  mm) 


MW-3  MEASURED  ON-AXIS  FIELD 


(UNTUNED) 
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A  “Copp«r-Only”  Pulaod-Wim  Wiggler 
Concept  Provide*  a  Baaia  for  the  MW-3  Deaign 


*  We  have  derived  an  analytical  expression  for  a  2-d  puUed- 
wire  structure  (see  next  page  for  geometry):  it  is 


B„(y.z)  = 


X 


nnC  2jrny  2trn  I 
«„_cosh— cos  — r 


(j  =current  density  in  conductors)  for  the  field  inside  the 
wiggler  gap. 


Scaling  MW-3  to  a  S  mm  Period/3.5  nun  Gap 

•  To  produce  a  given  field  amplitude  as  a  10  nun  period/S 
mm  gap  design,  the  5  mm  period/2.5  mm  gap  design  re¬ 
quires  twice  the  input  current  density.  Therefore,  to  main¬ 
tain  a  given  field  amplitude  and  a  given  conductor  tem¬ 
perature  increase  per  shot,  field  pulse  durations  must  be 
reduced  by  a  factor  of  4. 

•  A  5  mm  period/2.5  mm  gap  design  has  the  same  saturation 
field  as  the  10  mm/5  mm  system. 

•  A  5  mm  period/2.5  nun  gap  design  has  i  the  (L/R)  rise^ 
time  of  the  10  mm/S  mm  system. 


•  Lowest  harmonic:  the  ^1  -  e  dependence  means 

diminishing  returns  from  extending  conductors  in  the  y- 
direction:  and  the  e  dependence  means  keep  G/A  as 
small  as  possible  (a  general  result,  of  course). 

•  Hence,  for  MW-3  —  crowd  as  much  current  (conductor- 
bome  and  magetization-induced)  as  dose  to  the  polefaces 
as  possible.  Windings  therefore  extend  right  :o  the  pole- 
faces  and  fill  up  the  spaces  between  the  ferro-cores. 


•  A  5  mm  period/2.5  mm  gap  design  has  ^  the  characteristic 
conduction  cooling  time  of  the  10  mm/5  mm  structure: 
hence  (4  x  repetition  rate)  (Jx  pulse  length) 

=>  Same  duty  factor  is  attainable  unth  5  mm/2.S  mm 
geometry  as  unth  10  mm/5  mm  design. 


MIT  Microwiggler  FEL  Experiment 
i*  Currently  Under  Development 

•  e-beam: 

15  mm  radius,  <  01 

10  Amperes  at  450  kV:  -»  =  1  88,  3  =  0.847 
SLAC-style  Pierce  thermionic  gun/Marx  bank 
.Axial  guide  field  (2-plane  wiggler  focussing  may  also 
be  feasible) 

•  Wiggler 

1  cm  period,  50  periods 
5  mm  gap/planar  geometry 
B/T  linear  to  3  kG,  max  field  5  kG 
achieved  bv  prototype  .MW  3 

•  Uaveguide 

Cvlindrical.  3  75  mm  diameter 
Cutofi'  frequency  =  61  2  GHz 

Ser'ps  also  as  electron  drift  tube  and  axial  guide  field 
magnet  core 

•  FEL  output 

A».  =  1  cm.  3  =  847  =>  Output  A  =  1.81  mm 
=>  Output  /  =  166  GHz  (fits  in  waveguide) 

Single  pass  gain  lOO'Jf  (amplifier,  linear  regime) 
Power  output  >50  kW  (oscillator) 


Summary 

•  We  have  constructed  a  microwiggler  prototype,  MW-3, 
which  has  produced  long-pulse  (equivalent  to  5  msec 
flat-top)  magnetic  field  amplit  •■‘•s  of  nearly  5  kG.  MW-3 
produces  a  field  amplitude  linear  in  input  current  to  about 

3kG. 

•  A3  kG  shot  heats  MW’-3's  copper  conductors  by  2°C 
per  msec.  A  repetition  rate  of  1  Hz  for  1  msec,  3  kG  pulses 
should  be  attainable  with  air  cooling  only. 

•  General  scaling  laws  show  that  a  5  mm  period/2.5  mm 
gap,  scaled-down  version  of  MW-3  could  operate  at  the 
same  magnetic  field  duty  factor  as  the  full-sized  sersion. 

•  We  are  developing  a  proof-of-concept  microwiggler  FEL 
experiment  to  produce/amplify  1.8  mm  radiation. 

Reference 

[1]  S.C.  Chen,  G.  Bekefi,S,  DiCecca,  and 
R,  Temkin,  "Tunable  microwigglers  for 
free-electron  lasers” ,  Appl.  Phys.  Lett, 
64  (14),  1299  (1989) 
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MICRO-UNDULATOR  RESEARCH  AT  UCSB 


K.P.  Paulson,  Quantun  Institute,  University  of  California,  Santa  Barbara,  CA  93106 

Nicro-undulator  blocks  made  of  Nd-Fe-B  lOOnn  in  length  with  a  period  of  4aia  have  been  tested  at  the 
University  of  California  at  Santa  Barbara.  The  laeasureaients  have  shown  that  there  are  several 
problsMS  dealing  with  taicro-undulators.  Methods  to  cope  with  the«  have  been  developed.  Chief  aiaong 
theia  are  large  end  fields  due  to  the  unique  structure  of  the  Micro-undulator.  As  a  possible 
solution  a  flux  return  path  is  used  to  overcceie  the  end  field.  Other  problees  and  solutions  will  be 
discussed.  Field  plots  will  be  introduced. 

FIGURES 

Figure  1.  Micro-Urxiulator  block  made  of  Nd-Fe-B  (Vacodym  370  by  Vacuunschmelze).  Polarized 

along  the  long  (lOOtnn)  direction.  The  2im  by  2inn  grooves  provide  a  4aai  period. 

The  material  left  other  than  the  crests  is  the  bulk  magnet 

Figure  2.  The  field  created  by  a  micro-undulatcr  block  in  the  absence  of  ferrous  material. 

The  large  end  fields  need  to  be  reduced. 

Figure  3.  The  flux  return  path  used  in  the  experiment.  The  hatched  section  is  made  of  steel. 

The  endcaps  also  cover  some  of  the  crest  to  provide  soaw  field  tailoring. 

Figure  4.  First  integral  of  one  of  the  blocks.  The  dotted  line  is  for  a  measurement  about 

Inn  from  the  crests,  the  solid  line  is  taken  3fln  away.  Since  the  two  lines  agree 
this  indicates  that  the  problem  is  due  to  the  bulk  field.  Note  fluctuations  in  the 
angle.  This  is  due  to  easy-axis  rotation  and  is  best  solved  by  a  thin  bulk  field 
along  with  steering  coils  and/or  correction  magnets. 

Figure  5.  Micro-Undulator  block  field  corrected  using  ferrous  shims.  The  rms  error  is  0.5X. 

However  O.Snin  further  from  the  crests  the  error  jimps  to  3. A.  Therefore  the 
correction  due  to  the  shims  is  localized  in  y.  The  corrections  shouldn't  be 
based  only  on  rms  error  and  correction  methods  shouldn't  be  localized  in  y. 

Methods  to  correct  the  field  include  steering  coils  and/or  correction  magnets  on 
the  back  side  of  the  bulk  magnet. 

Figure  6.  Dotted  line  is  the  first  integral  of  Figure  5.  The  solid  line  is  the  first 

integral  of  the  field  with-^jt  shims  present.  Note  that  even  with  O.SX  rms  error 
the  first  integral  still  wanders.  Again  rms  error  does  not  give  a  good  swasure  of 
field  error. 

CONCLUSION 

The  problesis  and  solutions  are: 

1)  Large  end  field:  Correct  by  using  flux  return  path 

2)  Easy-axis  rotation:  Correct  by  having  thin  bulk  magnet  along  with  steering  coils  and/or 

correction  magnets 

3)  Peak  field  errors:  It  is  best  not  to  worry  about  rms  error  and  correct  the  field  as  in  2) 

4)  Block  to  block  variations;  Correct  by  thin  bulk  field  and  methot-  i  2) 
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LELIA  :  Induction  Accelerator  Studies  For  High  Peak  Power 
FEL  Application  at  the  Centre  d' Etudes  Scientifiques 
et  Techniques  d' Aquitaine  (C.E.S.T.A.) 


J.  LAUNSPACH,  J.M.  ANGLES,  M.  ANGLES,  P.  ANTHOUARD,  J.  BARDY, 

C.  BONNAFOND,  H.  BOTTOLLIER-CURTET,  G-  BOUQUET,  C.  BRUNO,  J.  DELVAUX 
A.  DEVIN,  P.  EYHARTS,  P.  EYL,  J.  GARDELLE,  G.  GERMAIN,  J.  LABROUCHE, 
P.  LE  TAILLANDIER,  Y.  PRENVEILLE,  W.  STADNIKOFF,  M.  THEVENOT 

Commissariat  a  I’Energie  Atomique 
Centre  d' Etudes  Scientifiques  et  Techniques  d' Aquitaine 
P.O.box  2  -  33114  LE  BARP  (France) 


A  survey  of  the  FEL  program  using  a  linear  induction  accelerator  (L.I.A.) 
is  presented. 

In  a  first  step,  we  use  EUPHROSYNE  re-designed  to  perform  research  on  high 
brightness  electron  beam  injectors. 

A  microwave  FEL  amplifier  experiment  (35  GHz), using  the  electron  beam  from 
EUPHROSYNE  into  a  helical  undulator  is  also  in  progress.  At  the  same  time  we 
are  developing  a  magnetic  energy  compression  generator  that  will  produce  short 
(80  nsec),  high  voltage  (150  kV)  pulses  to  drive  a  LIA  at  a  repetition  rate  of 
about  1  kHz. 
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•A  Jd  kV  powor  sup^X 
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■A  f-*0  stop  up  from  former 
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■  A  mtgnotK  Amitrh  Of>d  a  eufpilf  magnottf 

•A  (o«0  tomptisoa  6/  ^wonff-four  SO  Qhn  oyttfvt  (abloi 
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^u(sr  Pormng  Lmt  *  cold  (Afhodt  3  MV  ,  90  kA  50  ns  singto  shof  pviio  I 
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STUDIES  ABOUT  APPLICATION  OF  FREE  ELECTRON  LASER 
TO  INERTIAL  CONFINEMENT  FUSION 


K.  Imasaki,  T.  Akiba*,  K.Ohi,**,  S.  Kuruma,  K.  Mima*, 
T.  Yamanaka*,  S.  Nakai*,  and  C.  Yamanaka 
Institute  for  Laser  Technology, 

*Institute  of  Laser  Engineering,  Osaka  University 
**Faculty  of  Engineering,  Kansai  University, 
Suita,  Osaka,  Japan 


Application  of  free  electron  laser  to  inertial  confinement  fusion  has  been  studied, 
conceptual  design  for  10  MJ  system  with  beam  accelerator,  FEL  and  beam  recovery  system 
was  studied.  Efficiency  of  total  system  including  laser  extraction,  e-beam  acceleration  and 
recovery  was  investigated. 

The  results  implies  FEL  was  promising  for  reactor  energy  driver  for  inertial  confinement 
fusion. 

Concaptual  Diagram  of  ICF  Raactor  System  Reactor  Gain :  Go 
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Rrueo 
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P' 
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Fig.  I  Conceptual  diagram  of  reactor  tyatem  using  FCL  as  the 


^  _  Pout  +  Preci  +  Pa _ c  ,> 

Gr - g - IlQGtMriQ  1) 

f  reel 

where 

Hd  ;  driver  efficiency,  Gt :  target  gain 

M  ;  effective  blanket  multiplication  factor, 

He :  electric  generator  efficiency 

For  Commercial  reactor 
Ho -0.4,  M>1.2,  Gt.lOO, 

Gr  >  10,  Pout  >  Preci  ►  Pa 

i 

Requirement 
Pl  «  4  ~  8  MJ  /  tp 
ip- 10  ns  (laser  pulse  length) 

Laser  wavelength  5000  ~  2000  A  for  a  good  coupling 
tin  >  20  % 


Driven  Efficiency  rio 

_  Pp  _ _ no  Heat _ 

^  Preci  1  d- R-f  I -qb  Heat )  Hreco 

Where  R  = 

Hose  G], 

Fig2.  Reactor  fain,  requirements  for  the  driver  and  driver 
efficiency 


energy  driver. 


Fig  3.  Calculated  driver  efficiency  to  the  extraction  efficiency. 
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Computer  Simulation  for  extraction  effciency 
FUELNDES 

,  3D  code  including  laser  and  e-beam  coupling  in 
space. 

•  calculate  multimode  and  wave  amplification. 


Energy  Spread  Effect  to  FEL  Gain  and  Extraction  Efficiency 


200r 


(  nonlinear  tapered  wlggler  )  100QW  Laser  Niiectlon 
2GeV  ,  »OhA 

-l20 


Simulation  Parameters 
Beam  Energy 
Beam  Current 
Beam  Size 
Laser  Size 
Wave  Length 
Wiggler 


length 

K 


Eb  :  200  MeV  -  2  GeV 

lb;20KA~50KA 

Db.Smm 

Dt;3mm 

3500  A 

constant  /  linear  and 
nonlinear  tapered 

105  m 
~5 


ResulU  on  nonlinear  taper  wiggler  gave  a  maximum 
efficiency  and  gain.  Trapping  efficiency  is  the  most 
important  to  improve  FEL  efficiency  on  tapered 
wiggler. 

Limitations  for  Window 

.  Experimental  emitUnce  scaling*’ 
lb  .  1.1  X  10*'rc|2 
•  BBC  Instability 
Is 


r  = 


K„ 


AEe 


-  md 


Minimum  Power  Requirement  for  E-beam'*’ 
Ib  EbNb  'n«t  =  Pl>‘‘00TW 
Mb  Beam  Number 

Induction  Accolerator 

JGeV  SOSA  10OBS 


FEL  10>  10* 

to  targot  Beam  Energy 


a  aaam  lOnS 


Baam 


Racovarad  Powar 


Racovary  Syatam 


WIggiarEnd 


Invaroa  Tokamak 
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Reference  \  4 

1)S.  Segall :  KMSF-U  806  (1975) 

2) C.  Yamanaka  edit :  ILE  Int.  Hep.  Conceptual  Design 

for  ICF  ReactartT979) 

3) D.  ProsniU :  LLNL UCRL-92095 (1984) 

4) K.  Imasaki  etal.  Rev.  Laser  Engin.  17(1989)71 

5) J.  D.  Lawson  :  The  Physics  of  Charged  Particle 

BeamsOxford.  England  (1977)  178 
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P3.31  COMPACT  RF-LINAC  FREE-ELECTRON  LASERS 

John  C.  Goldstein,  Richard  L.  Sheffield,  Bruce  E.  Carlsten,  and  Roger  W.  Warren 

Group  X-1,MSE531 
Los  Alamos  National  Laboratory 
Los  Alamos,  NM  87545 

The  use  of  high  currents  and  excellent  beam  quality  pr^uced  by  a  photoinjector 
combined  with  a  short-period  wiggler  leads  to  a  new  generation  of  smaller  FELs. 


OutKne. 


Sinnulations  ot  compact  PEL  pertormanca. 


•  WeinqamiiielliiiiitirydesigBfottcaimwctff-liinc-driTeiiftae-ttonoiiteier 
OKillnar  mi  evaluate  in  peffomunoe  uaint  (lie  3-D  timulaiion  code  FELEX  and  die 
INEXmediod. 

•  The  deaign  it  baaed  upon  two  tedmoloticaladvncca: 

(DA  veiy  high  hnghineaa  election  bean  genetaied  with  a  later-illuminated 
phntn  aihuJe  injector  for  die  Ihnc. 

(2)A*oiHn<od(3aimlo9nn).  Mgh-riehKa,,- l-OlwialerniadenWipalied- 
edic  iednii|aea. 

•  We  Ihnil  the  Knae  to  IS  Mev  to  intee  the  ahielding  requiiemuiu  for  the  device. 

•  ^  pnfaotanee  of  the  laaer  ia  eapecied  to  retch  aeveral  peroeiu 

airaciion  efTiciency.  udiich  coneaponda  to  macropulte-avetaged  optical  power  output 
t"  loia  of  kilowaiti  and  huig-tiine-tveraged  output  of  leveial  want. 


Polly  3-D  ahnalaliana  were  ptrfonued  wMi  dtt  eode  ffiLEX.  Hie  code  tadadet  3-D 
motion  of  elecnona,  energy  ipicad,  diffiaction,  node  ovciiap.  etc. 

The  calculationa  tie  aingle-wavefnini  (tingle  fttiiptwry):  no  pnl«t«<fcdtwuae  included. 

Single-pait  gtint  were  cakulated  to  detenninc  amall-iignal  gain  and  tatiuated  gain  n 
a  function  of  the  optical  wavdength  and  the  wiggler  patameteta. 

Muldple-pnit  aingle-wavciengdi  caleolatient  woe  peifntiwcd  to  duamine  dm  actf- 
contiaicndy-calcultled  tteady-tuie  rtaonttot  aoluiiona. 


Qpdks  parameter  values  in  the  simulations. 


The  performance  of  a  compact  PEL  with  two  different  wigglers 
was  simulated. 


•  Tile  cpcfcal  fooiiMDr  was  taken  la  be  a  limple  iiaMe  two>minw  neaf'Canoentrie 
cavity  of  a  filed  length:  277.7T7  cm. 

•  The  Rayletgli  ranp  waa  alwava  choaen  to  be  eqaal  lo  one-half  of  the  wiggler'i  length. 
This  is  the  condition  for  minimnm  vtgnettiiif  losses  at  the  ends  of  the  wiggler. 

•  The  cemer  of  the  wigglef  coincides  with  the  central  focas  of  the  le sonaior. 

•  Ompni  coupling  was  taken  to  be  10%  mhror  transmission  (local  for  both  minon). 

The  minors  were  moch  larger  than  the  optical  spot  sites  so  that  no  losses  occurred  on 
those  elemems.  Vignetting  losses  at  the  ends  of  the  wiggler  were  included  by  putting 
apenum  of  a  site  equal  to  the  gap  of  the  wiggler  at  the  ends  of  the  wiggler. 

•  Wigglers  with  two  diffeicm  wavelengths  were  coiMidered.  Since  the  same  electron 
beam  was  used  to  drive  each  wiggler,  two  different  radiation  wavelengths  arose  in 
theae  simolalions:  ^KWt  8  iim  and  about  2.7  pm. 


Wiggler 

Wavelef^.cm 

Mopietic  field.  T 

*w 

Fullttoi,cm 

1 

09 

I.l9llin 

1.0 

0.3 

2 

0.3 

3J73»I6 

1.0 

at 

The  FEL  peifoimaiite  with  varmus  lengtha  of  theae  two  wigglers  was  evalualBd 
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Electron-beam  properties  from  PARMELA  sHm^tian.  Results  of  INEX  simulation  of  compact  PEL  with  wiggler  1. 


COMPACT  PEL  DESIGN 
USING  PHOTOINJECTOR 


012345  10 

SCALE  (ft) 


20  MeV,  10  (iS  MACROPUISE.  20  nmnvmrod 
350  A.  PEAK  SURFACE  FIELD  -  50  MV/m 


Summary  artd  conclusions. 


•  W«  iBnn  picwtd  «  de»ign  of  1  liree-elcclnKilmf  oieilUliifrfnrihuled 

in  pafBntmtt  Omtiiany  gung  iht  INEX  timulotion  mnliod. 

•  Tlie4nviniMdepo«tiMcb]rilKeii<anceofitM>ii(nincaMnciiiioloticilidTnieci: 

(1)  Tile  Incr-inuminMcd  ptomcMhode  mjecior  for  die  if-lmac  makes  poasMt  aciy 
kigfc^gtaiieaa  eiecinm  beams.  Hie  leeeletaior  design  makes  sae  of  other  isckniqses 
ID  mainum  the  brigWneM  as  the  beam  ptoyagalea  rtnoiigh  the  acceletaior  and  beam 
kanapon  ayiarm  The  scederauir  design  was  done  with  Ike  code  PARMELA. 

(2)  The  p«taed-wim  lachnlqoc  can  be  sard  to  make  shan.pcnod  (3  ami  a>  9  mm)  high 
field  (a^  >  1.0)  wigglm. 

•  The  aery  belgla  elecaon  beam  together  wWi  a  bigh-rield  wiggler  gmdacaa  ample  gain 
bt  die  ZJ  •  9.0  pm  epecpal  icgian.  To  iiicieaae  the  taniiabjd  laser  power  am  ledaoe 
the  ipigglei  lenigh  to  10  - 14  perioda  adiile  maimaming  an  optical  Rajpleigk  lange 
eqsal  to  one-half  of  the  anggler'a  length.  TMa  peodacea  a  latge  anoogh  optical  apol  oa 
the  mimm  to  aaoid  damage. 

•  WceapeciiachcnnpaciFELalobecapableofpiodiicingaplolenwaRaofaacraae 
power. 


255 


P3.34 


The  Impact  of  Field  Error  Reduction  Techniques  on  FEL  Performance 


W.  P.  Marable,  E.  Esarey^)  and  C.  M.  Tang®^ 

Department  of  Physics  and  Astronomy 
University  of  Maryland 
College  Park,  Maryland 

There  have  been  extensive  studies  on  the  effects  of  intrinsic  field  errors  on  the 
operation  and  performance  of  free  electron  lasers  (FELs)  based  predominately  on 
simple  models  for  the  spatial  form  and  statistical  properties  of  the  field  errors. 

In  the  present  study  we  consider  the  effects  of  i)  compensation  magnets,  ii)  general 
spatial  forms  which  are  more  realistic  models  of  experimental  wigglers  and  iii) 
statistical  correlations  of  the  field  errors.  This  theoretical  study  has  resulted  in 
a  quantitative  means  of  measuring  the  relative  merit  of  these  experimental  techniques 
for  reducing  wiggler  field  error  effects. 


Simple  Model(Un-Correlated  Errors) 

By  (z)  =  ((jVy  (z)  +  Bui)8infcu2, 

B*  (2)  =  (Cfift:  (2)  +  Bu,)  cos  ku,2, 

tSy  (2)  =  £ByefSi_„B  B  ~  v)  - 

€/v.(2) ..  (7  . 


Macro-Scale  Field  Error  Correlations 


CNy  (Z)  -  iByfy  (eV)  (7  +  v)  «  (7  “  • 

(2)  =  (5B./.  (ef)^<.mB  +  ZyiJ  //  (7  -  ■ 

2  -  f^B;;Y  sMksl^/2)^ 

\B„)  kfL/2  •’ 

S,  =  4{/5  (,•  -  1)}®"*  -  4{/j  (.•  -  l)/j  (.•  -  2)}®"' 

-  4{/r  («)/r  (»■  - 1)}®"'  +  {/:  (•'  -  2)}^”*}®"* 
+  2{ - 2)} + 


Micro-Scaled  Field  Error  Correlations 

3 

Bg  —  Bu,  cosku,z  +  {^«Bi'’'3''”  (2) /'»”(»■)}«... 

P  =  1 


By  =  Bu,  sin  fcu,  2  + 

>■ "  (t  +  '■■) "  (t  -  '>■)  ■ 


0^'*(2)  =  COskuiZ, 


(2)  =  sin  2ku,2. 

(2)  =  cost„,2  -  6  sin^  2k^2. 


The  spatial  forms  used  to  model  micro-correlations,  5  ■  1.5. 
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{A^f"'(RAD.ANS)  III 


sverse  displacement,  for  micro-correlations 

A)  spatial  form  (1),  B)  spatial  form  (2)  and  C)  spatial 
(3)  with  5  ■«  1.5,  No  macro-correlations  a  •  0  -  B. 


Relative  phase  shake  for  focusing  strength  koL  -  5.0 
and  stearlng  rates  L/lf  -  0,1,2, 3.  (A,B,C,D) 


Multi-Steering  Theory 

r 

=  cost;,,  (5-2). 

(<-1)1/ 

3 

J  Jzht(z)  gin  t^t(z-z), 

^*  (•-))!/ 

«/ 

+  7 — j-  I  fDsin  (f  -  i7/) , 


>• 

5  .12 


ffi 

(X 

< 

.08 


I”.ise  shake  for  micro-correlations  with  A)  spatial  form  (1), 
L)  spatial  forni  (2)  and  C)  spatial  form  (3)  with  6  -  1.5. 

:-o  macro-correlations,  a  •  0  -  R. 


Relative  transverse  displacement  for  focusing 

kgL  -  5.0  and  steering  rates  L/lf  -  0,1, 2, 3.  (A,B,C,D1 


Case  of  Inexact  Steering 

{ar)^"‘  =  ^  +  kaerl 

The  condition  for  non-perfect  steering  to  yield  negligible  effects 
with  regard  to  beam  walk-off  and  phase  shift,  as  compared  to 
perfect  steering,  can  be  expressed  as, 

£2  „  _1_  /  a„  fB{max)\^  1/ 

1)  ^  24  \-(i3.o  ;  f„- 
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Waveguide  Effects  in  Superradiant  FVee-Electron  Lasers* 

W.  M.  Sharp  and  S.  S.Yu 
Lawrence  Livermore  National  Laboratory 
Livermore,  California  94550,  USA 

A  quasi  three-dimensional  time-dependent  particle  simulation  has  been  developed  to  model  slippage  effects  in 
a  single-pass  microwave  FEL.  The  code  is  used  here  to  model  the  large-amplitude  “superradiant”  signal  that  can 
develop  in  the  slippage  region  of  constant-current  beams.  Results  are  presented  for  single-mode  and  multiple-mode 
cases,  and  the  effects  of  the  waveguide  dimensions,  detuning,  energy  spread,  and  the  initial  power  in  the  modes 
2tre  discussed. 

*  Performed  jointly  under  the  auspices  of  the  US  DOE  by  LLNL  under  W-7405-ENG-48  and  for  the  DOD  under 
SDIO/SDC-ATC  MIPR  No.  W31RPD-8-D5005. 
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EX3.2 


Harmonic  Generation-Strength  and  Mode  Sh&pe* 


Brian  E.  Newnam,  Roger  W.  Warren,  Donald  W.  Feldman,  and  William  E.  Stein 
Los  Alamos  National  Laboratory,  MS  J564 
Los  Alamos,  New  Mexico  87545 


We  have  measured  the  intensities  and  mode  shapes  of  the  light  produced  at  the  second-, 
third-,  and  fifth  harmonics  of  the  Los  Alamos  free-electron  laser  oscillator  operating  near 
10  pm.  The  strengths  and  shapes  could  be  changed  markedly  by  slight  shifts  in  system 
parameters.  We  present  explanations  for  these  unexpected  effects. 

'Work  supported  in  part  by  the  U.S.  Army  Defense  Command  and  Los  Alamos  National 
Laboratory  Institutional  Supporting  Research  funds,  and  conducted  under  the  auspices  of  the 
'  '.S.  Department  of  Energy. 


FEL  OPERATING  PARAMETERS 


OVERVIEW  OF  RESULTS 


WAVELENGTH 
PEAK  CURRENT 
energy  spread 
BEAM  EHrrTANCE 
UNOULATOR  GAP 
UNOULATOR  PARAMETER 
RESONATOR  MIRRORS 

SPECTRAL  WIOTN 


10  •  12  iun,  mainly  10J  tun 
aOO-EOOA 
-1-2% 

-  2ii  mnwnr,  FWHM 
(.0  mm  or  U  mm 
K«1S  or  0.76 

REAR;  Cu(R>99%) 

OUTPUT:  ZnSamiFa  on  ZnSa 

(rU96%-M%«10-12Mm) 

.aS%.SP40LELINE 


OVERVIEW  OF  RESULTS 


*  harmonic  EFFICIENaES  vs  RESONATOR  Q: 

S2BBEB  EifiiJLSmJSl  Pt/Pj  (HKSHO) 

2  10^  (7  Xir^  Ihuofy}  — 

3  10^  (Sxiff^  •  )  i(r*-itr^  (LAse) 

4  (4x10-^  ’  )  — 

3  70-^  (3x7(r*  -  )  5  x1(rf-2  xlir* 

•  HARMONIC  EFFiaENCY  VS  CURRENT:  LfTTLE  EFFECT 

(BEAM  EM/TTAMCE  BKBEASES  WtTH  CHAPC-tj 

SUMMARY 


•  CAVITY  LENGTH  DETUNING  DEPENDENCE: 

HARMONIC  POWER  DETUNING  CURVES  SmLAR 
TO  FUNDAMENTAL,  EXCEPT  WHEN 
NEAR  LASMG  THRESHOLD  FOR  3RO  HARMONIC 

•  SPATIAL  DISTRIBUTIONS: 

FUNDAMENTAL:  SINGLE  LOBE  -  GAUSSUN 

SEUSND  HARMONIC:  DOUBLE  LOBE  WOH  AXIAL  NULL 
OR  QUASI  DONUT. 

■  VERYSENSmVE  TO  BEAM  A  MIRROR  ALIGNMENT- 

THIRD  HARMONK:  MAJOR  CENTRAL  LOBE  WITH 
TWO  MWOR  LOBES 


•  EPnOENCY  OP  HARMOMC  GENERATION  FOR  LAM. 
FEL  IS  LESS  THAN  MEASURED  FOR  STANFORD  FEL  • 
PROBABLY  DUE  TO  GREATER  EHTTANCE. 

•  HARMOMC  SPATUL  PROFILES  ARE  SENSTTVE  TO 
AUGNHENT  OF  ELECTRON  BEAM  AND  MIRROR  TILT. 
SECOND  HARMONIC  WAS  MOST  SENSITIVE. 

•  LARGE  ENHANCEMENT  CAN  ARISE  FROM  LOW-LOSS 
RESONATOR  AT  HARMONIC  WAVELENGTHS. 

•  COHERENT  ADDITION  OF  ELECTRIC  FIELDS  CAN 
EXPLAM  LARGE  POWER  MCREASE  OF  ORDER  -IIXL 

•  10>  BBIANCEMCNT  REOUBIES  FURTHER  ANALYSM 
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SPATIAL  PROFILE  OF  THE  FUNOAIIEMTAL  AT  103  mn 


-r  ^  f  /o 


PEAKJHG  OF  THE  FUNDAMENTAL  POWEN  SOiiEVAtES 

nesulteo  in  Only  one  lobe  fop  the  2no  harmonic 


PHASE  OF  ADDED  FIELDS 
IS  IMPORTANT 


SPATIAL  PROFILE  OF  THE  SECOND  HARMONIC  AT  5^  uti 


-TO  -5'  0  r  no 


LOPSIDED  PATTERNS  WERE  SEEN  FOR  CERTAIN 
electron-beam  position  or  focus  ADJUSTMENTS 


NEARLY  EQUAL  THREE-LOBE  THIRD-HARItONIC  PROFILES 
RESULTED  FROM  CERTAIN  ELECTRON-BEAM  AUGNMENTS 


Distance. 


aperture  SCANS  OF  THE  THIRD  HARMONIC 
AT  t2mm  FROM  BEAM  CENTER 

EFFICIENCY  CAN  BE  GREATLY 
ENHANCED  FOR  (p  =  0“ 
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EX3.3 


THE  LOS  ALAMOS  HIOH-BmOHTNESS  ACCELEHATOR  FEL  (HIBAF) 

Vi.  D.  Cornelius,  S.  Bender,  K.  Meier,  L.  E.  Thode,  and  J.  M.  Watson 
Los  Alamos  National  Laboratory,  Los  Alamos  NM  87545 

The  10  nm  Los  Alamos  FEL  facility  Is  being  upgraded.  The 
conventional  electron  gun  and  bunchers  have  been  replaced  with  a 
much  more  compact  6  MeV  photoinjector  accelerator.  By  re-using 
existing  parts  from  previous  experiments,  the  primary  beam  energy 
will  be  doubled  to  40  MeV.  With  the  existing  1  meter  wiggler 
(X=2.1  cm)  and  resonator,  the  facility  can  produce  photons  with 
wavelengths  from  3  to  100  //m  when  lasing  on  the  fundamental  mode 
and  produce  photons  in  the  visible  spectrum  with  short-period 
wigglers  or  harmonic  operation.  After  installation  of  a  150®  bend, 
a  second  wiggler  will  be  added  as  an  amplifier.  The  installation 
of  laser  transport  tubes  between  the  accelerator  vault  and  an 
upstairs  laboratory  will  provide  experimenters  with  a  radiation- 
free  environment  for  experiments.  Although  the  initial 

experimental  program  of  the  upgraded  facility  will  be  to  test  the 
single  accelerator-master  osclllator/power  amplifier  configuration, 
some  portion  of  the  operational  time  of  the  facility  can  be 
dedicated  to  user  experiments. 


at 

<  < 
n  os 
)— •  u 
a  j 
^  w 
cn  u 


^5  CO 

^  § 

^  IS 

c/3  O 
hJ  qq 
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SUMMARY  OF  PUaiOlNJECrOR  PROPFRl’lES; 

pllOtDCATIIOfC  DRIVE  lARF.R.  _ 

Nd-YU'  Oidllolor  Birf  AimililWra 

tfAv*t«nalh:  oZ7  nin  _ 


Un«T  W«v«lentlh; 

laser  Pomr.  " 

Hoddocknl  newM-nejr. 
Mlcnipube  RcpAllton  Rnlfr 
Uacrctpulse  RepeillkJti  Rate 


SZI  nin 

ZM  iwxqe 


10033  Mllz 
ZI(T7  Mllz 

too  liz 


nwroomiooe: 

CbV^  Quanliini  Elliclcitcy: 

CsKtSb  QuBiitum  Ellldeiicr 

CaUioda  Area: 


11;  at  S?/  nm 
at  523  nnj 


(XBJtROH  HACnOTUlSE 
PubewMlh: 
Averaar  Orrrent 

OutpuX  Dwrtr 


EUCIRON  MICROTULSE 
Pulse  width: 
QwtKS  per  Pube: 
PnkOuiranL' 


Conc2hisk>ns: 


HIBAF  win  be  a  unique  fadlily  for  pontinued 
devdopmenl  of  FEL  lechnoJogy. 


L  High  quantum  ttlidencr  photooaUiode  rf  gua 

Z.  (YoducUon  and  transport  o(  hi^-curreid. 
high-laigbtneaa  electron  beama 

3.  Devekp,  valldala  and  oalibrble  election  beam 
diagnosUca 

4.  Vblldata  and  callbrata  "Integratad"  numerioal 
design  codes  (INEX). 

&  %sl  itew  concepts 

6.  Demonstrate  maintenance  o(  electron  beam 
qualitx  Uuou|jb  laige-angite  bends 

7.  Demonstrate  technologies  needed  for  the  nest 
generaUon  FEL 
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EX3  4  first  DEMONSTRATION  OF  A  FREE-ELECTRON  LASER  DRIVEN  BY 
ELECTRONS  FROM  A  LASER  IRRADIATED  PHOTOCATHODE 

Mark  Curtin,  Glenn  Bennett,  Anup  Bhowmik,  Robert  Burke  and  Phillip  Metty 
Rockwell  International,  Rocketdyne  Division 
6633  Canoga  Avenue,  Canoga  Park,  CA  91303 

and 

Stephen  V.  Benson  and  John  M.  J.  Madey 
Stanford  Photon  Research  Laboratory 
Stanford  University,  Stanford,  CA  94305 

We  report  the  results  from  the  first  operation  of  a  ffee-electron  laser  driven  by  electrons  from  a 
laser  irradiated  photocathode.  A  tripled  NdiYag  mode-locked  drive  laser  was  used  to  irradiate  a 
LaB^  cathode  positioned  within  a  microwave  gun  to  produce  700  pC  micropulses.  Peak  currents 
in  excess  of  125  Amp  were  observed  for  electron  beams  having  an  energy  spread  of  0.8% 
(FWHM)  at  38.5  MeV  and  an  emittance,  at  the  undualtor,  comparable  to  that  observed  for 
thermionic  opertion  of  the  cathode.  Preliminary  estimates  for  beam  brightness  deliverable  to  the 

undulator  range  from  3.5  x  10^'  (A/m^)  to  5.5  x  lO'^A/m^). 


LAYOUT  OF  THE  STANFORD  PHOTON  RESEARCH 
LABORATORY 


PHOTOCATHODE  DRIVE  LASER  /  RF  UNAC  TIMING 


nocK4i«v>« 

Mark  HI  ipaeXomaMr 

WFwkrowawi 

unduiaiar 

undutaior  n 

ar«d  in^Klor 

LAYOUT  OF  THE  MARK  III  MICROWAVE  GUN  AND 
INJECTOR  SYSTE 


SYSTEM  PARAMETERS  FOR  THE  LASER-DRIVEN 
PHOTOCATHODE  EXPERIMENT 

DRIVE  LASER  PARAMETERS 

FREQUENCY 

95.2  l«Hz 

REP.  RATE 

10  Hz 

MACROPULSE  LENGTH 

10  |isec 

MICROPULSE  LENGTH 

100  PG6C 

WAVELENGTH 

355  nm 

MICROPULSE  ENERGY 

40 

tNJECTOaO-INAC  PARAMTERS 

FREQUENCY 

2857  MHz 

REP.  RATE 

10  Hz 

E-BEAM  PARAMETERS 

MACROPULSE  CURRENT 

15  mA 

MACROPULSE  LENGTH 

3  |1MC 

MICROPULSE  CURRENT 

6(V80A 

MICROPULSE  LENGTH 

WS 

2-3  PMC 
*•  Summ-mrid 

^  4fc  mm-mrad 

ENERGY 

38  5  MiV 

ENERGY  SPREAD 

0.8% 

m  me  ri 
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CHARGE  CONTAINED  IN  A  MICROPULSE  CAN  BE 
ESTIMATED  FROM  THE  AVERAGE  MACROPULSE  CHARGE 
AS  MEASURED  BY  THE  GUN  AND  LINAC  TOROIDS 


INDIVIDUAL  MICROPULSES  WERE  RESOLVED  USING  A 
Au-G«  DETECTOR 


GUN  #1  TOROID 


LINAC  TOROID 


MICROPULSES  WERE  SEPARATED  BY  10.5  nsac 


MICROPULSE  CHARGE 
-  250pooul 


MICROPULSE  CHARGE 
-  130pcoul 


A  PEAK  INTRACAVITY  POWER  OF  >  200  MW 
WAS  MEASURED 


COMPARISON  OF  ELECTRON  BEAM  PARAMETERS  (AT 
THE  UNDULATOR)  FOR  THERMIONIC  OPERATION  AND 
PHOTOC  ATHODE  OPERATION 

PARAMETER 

THERMONIC 

OPERATION 

PHOTOCATHOOE 

OPERATXM 

MiCROPULSE  CHARGE  (pCoti) 
(alllnac  toroid) 

70 

170 

SMAU  SIGNAL  GAIN  (pm  paaa) 

60% 

100% 

MICROPULSE  CURRENT  (A) 

(at  calculatad  Irom  tha  amdl  sigani  gain) 

36 

80 

NORMAUZED  EMITTANCE  (nwiwnrad) 

10c 

8c 

tPS 

4m 

4m 

PEAK  BRKSrrNESS  (A/m*) 

1.8*  10* 

3Bc10* 

PHOTOCATHODE  DRIVEN  FEL  OPTICAL  MACROPULSF 


ROCKETDYNE/STANFORD  PHOTOCATHODE 
ACHIEVEMENTS 


AMPLITUDE  FLUCTUATIONS  WITHIN  THE  FEL  MACROPULSE  RESULT  FROM 
SMALL  FLUCTUATONS  WITHIN  THE  DRIVE  LASER  MACROPULSE 

■SIERRA  MOUNTAIN  EFFECT' 


FIRST  DEMONSTRATION  OF  A  PHOTOCATHODE  DRIVEN  FEL 
OSCILUTOR  USING  THE  MARK  III  RF^.INAC  AND  THE  ROCKETDYNE  2 
METER  UNDULATOR 

OBSERVED  PEAK  CURRENTS  IN  EXCESS  OF  125  AMP  AT  38.5  MiV 
MEASURED  E.6EAM  ENERGY  SPREAD  OF  0.8%  AFTER  LINAC 
EMITTANCE  AFTER  LINAC  COMPARABLE  TO  THERMIONIC  EMITTANCE 

OBSERVED  SUSTAINABLE  SMAU  SIGNAL  GAIN  IN  EXCESS  OF  100%  PER 
PASS  AT  3.1  (un 

PRELIMINARY  MEASUREMENTS  OF  TRANSVERSE  EMITTANCE  AT 
UNDULATOR  USING  SPONTANEOUS  EMISSION  SUGGEST  THE 
EMITTANCE  IS  PRESERVED  THROUGH  THE  TRANSPORT  LINE 

VERIFIED  UBt  QUANTUM  EFFICIENCY  AT  lOr'*  (ff  100  ampieir?) 

ACCUMULATED  -  100  HRS  OF  PHOTOCATHOOE  OPERATION  WITH  NO 
OBSERVABLE  DETERORATION  OF  THE  LaB*  CATHODE 


EX3.5 


INEX  Applied  to  the  Boeing  Aerospace  FEL  System 


R.L.Tokar,S.C.Bender,K.D.ChanA.H.Lumpkin,B.D.McVey,L.E.Thode^.M.Young, 

Lx)s  Alamos  National  Laboratory ,M.S.E531,Lx)S  Alamos  NM  87545 
D.H.Dowell  .A.R.Lowrey^.D.Yeremian. 

Boeing  Aerospace  Company, M.S.2R-00, Seattle, WA  98124 

R.Justice 

EG&G,  Los  Alamos,NM  87545 

The  INEX  (integrated  numerical  experiment)  philosophy  is  used  to  model  the  rf  linac  driven 
0.6  pm  FEL  oscillator  at  Boeing  Aerospace  Company  (BAC).  INEX  links  accelerator  and 
FEL  physics  codes  to  provide  an  end-to-end  model  of  the  system.  For  a  mild  tapered  wig- 
gler  in  use  in  May,1989,  INEX  predicts  an  extraction  efficiency  of  about  1.25%,  with  the  ex¬ 
periment  achieving  1.0%.  Sideband  development  in  the  experiment  is  in  good  agreement  with 
ID  pulse  simulations. 


z  posiiion  within  micropulse  (cm) 


INEX  Current  »nd  90%  Emittance  at  the  Wiggler  Entrance 
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Current  Research  in  FEL  Theory* 

E.  T.  Scharlemann 

Lawrence  Livermore  National  Laboratory 
University  of  California,  Livermore,  California  94550 


A  simple  summary  and  explanation  of  several  areas  of  current  theoretical  research  -  supperradiance,  harmonic 
emission,  and  wiggler  field  errors  -  is  attempted.  “Superradicince”  refers  to  a  modification  of  exponential  growth 
and  saturation  at  the  trailing  edge  of  an  electron  beam  pulse,  where  the  presence  of  the  edge  boundary  condition 
is  felt.  Our  understanding  of  harmonic  emission  has  recently  been  improved  with  the  discovery  of  a  much  stronger 
coupling  to  even  harmonics,  including  a  resonant  coupling  to  the  second  harmonic.  Finally,  the  varied  effects  of 
pole-to-pole  magnetic  field  errors  in  a  wiggler  are  summarized,  along  with  the  ways  in  which  their  effects  can  be 
reduced. 

*  Work  performed  jointly  under  the  auspices  of  the  U.  S.  DOE  by  LLNL  under  contract  W-7405-ENG-48  and  for 
the  SDIO  and  USASDC  in  support  of  SDIO/SDC  MIPR  No.  W31RPD-9-D5007. 


Current  research  In  FEL  theory 


Superradiant  emission  In  PELS 


A  highly  prajudiead  Mlaction; 

—  wjptrradianc* 

—  hannonie  wniuioii 

—  Krigglar  •rroia 

that  omlta 

—  aidabands 

—  optical  guiding 

—  attacta  of  optical  guiding  on  aidabanda 

—  ahot  noiaa,  ampUfiad  apontanaoua  amiaalon 

—  quantum  attacta 

—  oacillator  mod#  avolutlon  (a.g.  with  cw  alactron  baama) 

—  two-ataga  FELa 

—  modaling  of  alactron  baam  phaaa  apaca  attacta 

—  compariaona  with  axparlmanta 

—  analyaia  of  unconvantional  FEL  achamaa 


Slippaga  of  IlgM  with  raapact  to  alactrona  in  an  FEL  changaa 
axpo.'>antlal  growth  and  aaturallon 

—  Light  moduMiona  propagala  arlth  group  valocHy  v 

—  Elactrona  traval  loiigitudinaly  at  * 

—  UauallyV|>v,ao  that  light  movaaahaad  of  thaalactroiM 

Background 

—  Bonitacio,  Caaagranda  JOSA  B  2  (1B65)  250; 

NIM  A230  (1»85)  30;  Slippaga  rapraaantad 

by  radiation  damping  tarm  ->  n*  dapandanca  el 
a^Hbrlum  radiatad  kitanaKy 

—  BonHaelo,  McNail  NIM  A272  (1088)  280:  vary  abort  pulaa 
almuMlona  with  alippaga  Mhbkad  apOdng  bahavier 

~  n>  at  traHIng  adga  of  pulaa 

—  Bonitacio,  MaroH.PiovaNa  Optica  Comm  68  (1888)  360; 
analyticai  traatmant  of  axponanllai  gain  whh  alippaga 


Superradiant  effects  occur  at  the  trailing  edge 
of  an  electron  pulse 


Upit  modulaacna  prapaorli 
■  '4 4  Mong  itnM 

A/-/  / 

bunching  ind  /  / 

r»dlMidn  ^  ^ 

domthcMby  /  /  "SiMdy 

f  =3  notnilunncnfram 


Superradiance  can  be  simply  understood  by 
considering  the  effect  of  very  rapid  slippage 


Bunching  In  Input 
aignal  only 


Bunching  In 
input  aignal 
plua  aignal  from 
two  pravioua 
butKhaa 


"Vary  rapid  alippaga" 
=>  tima  delay 
Ignored 


Input 
optical  => 
aignal  ^ 


^.0 

3  btekndgi  of 
oltcron  boom  put« 


»  ex-v  t 
(•  poiikon  withbt 
Moearon  boam  pulM; 
■lie  worn  moan  on  llnM 


1  .  1 

3X,  4X| 

1  1 

1 

«0 

t 

Bunching  in 

! 

•tc. 

Input  aignal 
plua  aignal 
radiated  by 
ofMpravkMia 
buttch 

"Collective  variables”  can  be  used  to  obtain  a 

quantitative  treatment  of  superradiant  emission _ ig  Specific  cases  (cont'd) 


Bunching paiamctcr  b •  eatk-fk^i-ml 

FMd  atrangth  A  ** 


Lincafiicd,  normalbMl,  on  iMonanoa,  and  for  rapM  alippaga; 


^  «  lA 
81* 

[jf'-lo-P.ia.. 

NagllgUa  for  rapid  alippaga 


Bunching  al  ftaiad  4  awolvaa  in 
raaponaa  to  tMd  A 

FMd  la  ampllliad  by  bunching  aa  lha 
IlgM  propagaiaa  over  tha  pulaa 


c)  Laplaea  tranalorm  In  t  to  iitcorporala  boundary 
condillona  at  t  a  o  and  4  =  0 
=»  A,  b«  a<~**-^  *'*••  aaymptolically 

•  Equntlona  without  rapid  alippaga  aaaumpllon 
hava  an  Idantical  form  arlth  diffaratd  vatiablia 

U-I-Vjt  v«wt-i 

=>  aaiiw  aaymptotle  aokJfion 

•  If  aaluratlon  la  aaaumad  to  occur  arhan 
“bounce  fraquancy*  s  ‘groarth  rata'  than 
P_  ■>  n*  =»  auparradianea 


Spocine  caaaa: 

a)  atandard  ctAiie  diaparaion  rotation 

b)  a'*^  '  dapandanca  -» oXk)  rotation  that  ignorao  boundary 
eondkion  at  tall  of  puloa 


•  Nonllnaaratata^ipaaralolnvolvavaryahorl 
tkna  acala  apdiing  arlth  bitanaity  »  n* 


Connection  between  superradiance  and  sidebands 


E3 


Harmonic  emission  from  a  free-electron  laser 


B 


•  Exponantialgroarthlavarydiflarant 

—  Oiffamm  a<|ull>ria: 

•  Zara  IMd,  zaro  bunehlrtg  for  auparradianea 

•  Saturatad  flaid  and  bunehlrtg  for  aidabanda 
—  DHfarant  boundary  eondkiona 

—  DIffarani  groarth  rataa 

•  Noivlinaar  avokition  appaara  Idantieal 

—  Spking  with  alactrona  undargoing  1/2  aynchrotron 
oacillation  through  aaeh  a|  So 
(Warran,  GoMataln,  Nownam  NIM  A2S0  (1286)  19) 


•  Porhapa  tha  non-Nnaar  atala  of  ak  inatabkkioa  involving 
alippaga  win  look  tha  aamo 


Baekground;  'atandard'  eoupllng  to  harmoniea  in 
Colaon  IEEE  JOE  OE-17  (1981)  1417 
Cotoon,  Dattoli,  Cloeci  Phya  Rav  A31  (1985)  828 

•  Daaeribaa  non-raeonant  amiaaion  In  a  linaar  tviggtor  (avan  ona  arhh 
a  parfectly  akiuaoidal  Itokf) 

—  Single  a~  eoupllng  artaaa  from  noit-alnuaoldal  wiggto  motion 

->  Spomanaoua  amiaaion  of  harmonic,  by  kaalf 
->  Only  odd  harmonica  lor  alignad  a~ 

—  Non-alnuaoldal  bunching 

->  Coharant  apontanacua  amiaaion  from  bunching  at 
fundamantal,  or 

->  Gain  at  harmonica:  non-raaonant,  ao  taparkig 
cannot  work 

(Oacillation  at  harmonica  obaarvad  by  TRW, 

Stanford,  LANL. . .) 


“Norvstandard”  harmonic  emission 
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“Non-standard”  harmonic  emission  (2) 


B 


Schmkt,  Elliott  Phya  Rav.  A34  (1988)  4843 

•  Raaonark  eoupllng  of  2"  harmonic  to  ttold  gradient 

•  Can  ba  darkrad  from  a~  energy  aquation: 


Wiggle  motion  v  -  f  coa  z 

n**  harmonic  of  aignal  tiald  (no  gradient) 

E  -  X  ain  (n(kz  -  (ol)  4„J 

ao 

V  f  -  ain  ((nk  ♦  k  Jz  -  n  ok  ♦  ♦„] 

Slowly  varying  near 
raaonanca  only  for  n  >  1 

=3  Standard  non-raaonant  coupling 


In  praaanca  of  field  gradiatk: 

Wiggle  motion  V  -  t  coa  k,z  (aa  bafora) 
n**  harmonic  ot  aignal  field 

E  »  E,  ♦  —  •  (X  -  xj  aa  aaan  by  ona  atoctron 

Wiggle  motion  «  ain  k_z 
ao  ^ 

V  ■  ?  -  coa  k^  ■  coa  [n  (kz  -  (ik)  *  .  aln  k^ 


-  aln  [(nk  ♦  2kJ  z  -  n  ok  ♦  4,,] 

Slawly  varying  naar  raaonanca  lor  n  •  2 
^  *  -  X,  -  ^  ao  coupling  la  raduead  from  fundamental 
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“Non-Standard"  harmonic  emission  (3) 


l!S 


The  effect  of  wiggier  errors  on  FEL  performance 


jg 


Coding  to  tMd  grodlont  Implios  cohorant  spontaiwout 
•miMion  or  gain  In  odg^tical  moda 
(a.g.  ractangular 

Rasonam  harmonic  amiation  can  ba  aa  atrong  aa 
non-raaonanl  3"*  harmonic  amiaaion 

Othar  avan  harmonica  arc  amittad  by  an  alignad  a~  beam 
through  tha  non-raaonant  aatenslon  ol  thia  machantam 


Implicaliona: 

—  Much  alronoar  avan  harmonic  amisalon  than 
pravioualy  axpacted 

(Standard  Mark  III  axperimant  ahowa  yat  mora) 

—  Coharant  radiation  in  avan  harmonica  tor  parfactly 
alignad  alactron  baam 


Background: 

•  Kincaid  JOSA  B  2  (1M5)  1294  analyzed  tha  attact  of  random 
(uncorralatad)  pola-to-pola  wigglar  liald  arrora  on  alactron 
trajactoriaa  and  on  thair  phaaa 

—  Waak  fialda 

—  No  alactron  baam  focuaing 

—  Staaring  at  wigglar  antranca 

•  Analyaia  tor  long  high-gaIn  wigglart  In  FEL  Handbrrok 
(in  praaa) 

•  Nina  papara  In  tha  Advance  Program  tor  thia  contaranca 


Trajectory  errors  arise  from  random  transverse 


68«>0 
at  one  pole 


Phase  errors  arise  from  changes  in  path  length 
associated  with  field  errors 


Pondaromotiva  phaaa 

<|i$(k  +  kJz-ajl  +  4  =  9  +  4 
T 

signal  phase 


Tralaetofy  arrora  changa  lha  path  langm  (ravailad  by  an 
alactron  and  hanca  Inlroduca  phaaa  arrora 

Tralactory  arrora  can  walli  tha  alactron  baam  out  of  tha 
optical  baam,  particularly  If  tha  optical  baam  la  conlinad 
(by  optical  gulOmg)  to  about  tha  alactron  baam  aiza 


Evolvaa  as 


^  ,k  --!L(1aa  > 


wiggle 

motion 


betatron 

motion 


For  each  tiald  error 
S(v')  =  -:^,(a.5a,ay’P,  ■ 


Emittance  introduces  an  additional  phase 
error,  random  among  electrons 


6(v')  =  -li  It  *011  la  a  random  phase  arror 


Transverse  focusing  reduces  trajectory  errors 


19 


•  without  focusing,  errors  produce  random  walk  in 
tranavsrsa  velocity: 


(ax’)'"  «  (Sa^’)'"  N” 


With  locusing,  errors  produce  random  walk  in 
transverse  betatron  amplituds: 

<6x’>’'’  « (Sa,*)’'’  N*'* 
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Ccrrelations  of  wiggler  field  errors  can  reduce 


neighboring  pole*, 
reducing  net  trajectory 
error  (Halbach  1984) 

•  3d  effects  (flux  leakage  out  sides  of  poles) 

•  Highly  permeabla  flux  path  connecting  many  poles 
that  prevents  return  of  error  flux  in  neighboring  pole* 

- ►  Uncorrelated  errors 


Real-time  adjustable  tapering  can  remove  the  worst 
effect  of  phase  errors 


•  i(itO  -^*.£*,1*  klanticalfor  aNatoctrens;  hsncacan  b* 
eoiTscttd  by  adjusting 

•  Simulations  (wHh  FRED)  Indicals  that  whan  5*^  is  Inckidsd 

In  tapsr  algortthm,  thsss  phass  errors  do  not  offset  psrformancs 

•  Exparlmantal  verification  is  far  In  the  future 


High  fields  can  reduce  phase  errors 


B 


Steering  can  correct  for  trajectory  errors  ... 


•  Pondanmottvapofsntlalprovldsslongltudinalfocuslng 
analogous  to  transvsrss  focusing 

•  In  smak  fMds,  ariggisr  errors  predues  random  wait  In  y' 

•  In  strong  ftsMs,  wigglar  snors  nrodues  random  wall  In 
synchrotron  oacNIation  amplltuds 


. .  .but  steering  can  make  phase  errors  worse 


B 


Vague  generalities  about  errors 


B 


Stssrlng  Is  never  psrfsct;  beam  position  sensing 
can  only  bs  don*  to  non-zero  tolsrancss 

Bscaus*  Impsrfsct,  steering  cannof  be  doiw 
arbitrarily  ohsn 

Stserirtg  adds  to  smlttanc*  induced  phass  enors: 
Sp  from  steering  compound*  Individual  S^^from 
poM  error*  unless  stssrlng  occur*  ohsn  oii  a 
synchrotron  psriad 


•  Trajectory  srror*  most  Important  In  Ngh-galn, 
high-lisid  amplifiers 

—  Optical  mods  guided  by  electron  beam 

—  Trajectory  srror*  sraaksn  guiding  and  can 
walk  sisetron  beam  out  of  optical  mod* 

—  Phass  error*  controled  by  deep  pondsromotiv*  wel* 

•  Phase  errors  probably  most  Important  In  low-gain  oseiHalors 

—  Optical  mod*  risfinsd  by  cavity  and  can  be  much  bigger 
than  electron  beam 

—  Trajectory  errors  ar*  less  Iksly  to  wak  slactron  beam 
out  of  optical  mod* 
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TRANSVERSE  AND  PARALLEL  BEAM  QUAUTY  IN  FREE-ELECTRON  LASERS' 


C.  U.  fioberson 

Fhysics  Division 
Oitice  04  Nava)  Research 
Arlincion.  Va  222)7 
202-6^6>4222 


B.  Bafiai* 

Bca»  Physics  Branch 
Plasaa  Physics  Division 
Nava)  Research  Laboratory 
Vashin^ton.  DC  2037S 
202-767-2874 


The  equilibria*  electron  b«*A  radius  In  a  FCL  is  deterained 
by  i>ie  ealitance  and  focusing  properties  of  the  vlggler%  The  spot 
si<e  of  the  radlacion  beaa  is  deieralned  by  the  optical  guiding 
eiitfcts  of  Che  rCL  Interaction.  Por  filling  factor  equal  to  unity* 
ve  have  obtained  a  slaple  scaling  relationship  connecting  the  bean 
evidence  and  PEL  wavelength*  with  viggler  strength  and  current  as 
Odraaeters. 


/ 


o 


^  -^yex''  '^O  ^ 

t 


/  J.  / 


M.. 


/  y  / 


(  XU'^) 
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Equilibrium  Self-Field-Induced  Chaos  In  Electron  Orbits 
In  FVee  Electron  Lasers 

Chiping  Chen  and  Ronald  C.  Davidson 
Plasma  Fusion  Center 
Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139,  U.S.A. 

It  is  shown  that  the  motion  of  an  electron  in  the  wiggler,  guide  and  equilibrium  self 
fields  in  the  FEL  is  nonintegrable.  The  Group-I  and  Group-II  orbits  become  chaotic 
when  the  self  fields  are  sufficiently  strong.  The  threshold  self-field  parameter  for  beam 
chaoticity  is  calculated  for  parameter  regimes  of  experimental  interest. 


OUTUNE 

I.  INTRODUCTION 

A.  Motivation 

B.  Chaoa 

II.  CANONICAL  FORMULATION  OF  THE  PROBLEM 

A.  Model  and  AMumptiona 

B.  Hamiltonian 

in.  THE  INTEGRABLE  LIMIT  (e  =  0) 

A.  Fixed  Point*  (Steady-State  Orbite) 

B.  Interpretation  of  the  Canonical  Momentum 

C.  Stability  of  the  Fixed  Point* 

IV.  CHAOTIC  MOTION  («  #  0) 

A.  Equation*  of  the  Motion 

B.  Analyai*  of  Sei^Field-Induced  Resonance* 

C.  Poincare  SurihceHif-Section  Map  and  Chao* 

V.  CONCLUSIONS 


MODEL  AND  assumptions 

•)  Haliol  8.  > 

b)  AJdbl  (uid*  (bldi  it  -  Bti, 

c)  Uai<bna.dbObIty.h— m  prviU: 

f  a  eefut.  0  <  r  <  •% 


MOTIVATION 

1.  Mo«t  PEL  AMiytM  b«r«t«4bf« 

2.  IbcIiuIm  of  fcko  Mlf>floklB  rooulU  la  Aaotk  bokiwrif 
to  tbo  partklo  orbit*. 

S.  U  it  o  bot  portarbatioa  coiptod  with  tbo 
oad  cloetrooMCMik  potturboiloM. 


t.  Poiacwoi 


.  uaUpabio  md  Maiato|^«blo  i 


fcv--  ■  -.1 


HAMILTONXAN  (r  <  %) 


H,  =  HcP  *  e/t)’  >  mV)’'*  -  r4r  *  W  - 
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Normalised  Hemiltonian:  (m  =  e  =  c  =  fc„  =  l) 

i2il,P^  +  2o„(2n./>,)‘'’co.vJ  +  (P^  -  p,  +  P*  +  A*.)’  +  ai  + 

P,,  A»)  =  2en.lP*  +  P*  -  2(P^P^)^'*nn((fi  +  V>)1 

a)  H,  and  P.>  are  the  constants  of  the  motion. 

«o 

b)  The  motion  occurs  in  8d  phase  space  and  is  ejcpected  to 
be  chaotic. 

c)  In  the  «  =  0  integrable  limit,  P.^  is  an  additional  constant. 


/  )  , 
•;y 


INTECRABLE  PHASE-SPACE  STRUCTURE  (»  '  0) 


^  f  f 

il.  <  P-c 


XP  >  P.c’ 


Rfititrnin-rtr  Condition: 


rw  -t  %  0 


RcoonAAce  Width  u»„: 


NONlNTEGRABtE  PHASE-SPACE  STRUCTUEE  (<  ^  OOl) 


1.0  2.0 

ONSET  or  CHAOS 


s  *0.01 


Aer  o,*0.2 
“e  yo*’° 


JX  ^  .nr 


Pc  >  pr 

[•<>  />  ■  •  .>*  L'.;  ;  - 

•  v:r!l 


P  ^  X '  •’’‘r  ^ 


X'. 


n:Cr0.25  • 

r  0.17 -0.35 

I  ffc  -  0.  fc5 


6  =  O.O^t  ' 
yb=3.o  . 
aweO.2  I 


For  =  3.0  cm  ,  'H\e  pamme<-trjCorrespoG<l-to 

Ib“'’  =■  ‘+.3  It 

3«  -  710  G  y  6»  =  >t& 

-c.«?3,  Yb  ■=  3.0  ;  rb^a./nm 


00  L....C..-1  .  L  O.OU. 

-*  0  TO  T 

/ 

CONCLUSIONS 

1.  Equilibrium  self  fields  destroy  the  integrability  of 
the  single  particle  motion  in  the  field  configuration 
consisting  of  a  constant-amplitude  helical  wiggler 
field  and  an  axial  guide  field  and  consequently  the 
electron  orbits  exhibit  chaotic  behavior. 

3,  The  threshold  value  of  the  self-field  parameter 

<  =  (ubs/Zn.)’  for  the  onset  of  cfaaoticity  is  determined 
numerically  in  the  regime  of  moderately  beam 
current  (ss  1  -  lOIcA)  and  moderately  relativistic  beam 
energy. 

3,  Tbe  characteristic  time  scale  for  self-fiald-induced 
changes  is  Ihst  and  given  by  X./VI. 

4,  Resonance  conditions  and  sraling  relations  for  the 
resonance  width  were  derived  and  found  in  good 
qualitative  ^preemant  with  the  numerical  simulations. 
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PR3.1 


OBELIX  -  THE  OXFORD  FREE  ELECTRON  LASER  PROJECT 


W  W  M  Allison^®),  C  A  Brau^^J,  C  B  Brooks^®),  G  Doucas^®^,  J  N  Elgin^*^^, 

W  A  Gillespie^ ,  A  R  Holmes^®^,  D  A  Jaroszynski^ ,  M  F  Kimmitt^®  ^ ,  P  F  Martin^*^), 

J  H  Mulvey^®^,  C  R  Pidgeon^®\  M  W  Poole^^). 

(3)Nuclear  Physics  Laboratory,  University  of  Oxford,  England;  ^ ^^Vanderbilt 
University,  Tennessee,  USA;  (®)lmperial  College,  London,  England;  ^‘^JDundee  Institute 
of  Technology,  Dundee,  Scotland;  ^®^Heriot  Watt  University,  Edinburgh,  Scotland; 
^^^SERC  Daresbury  Laboratory,  Warrington,  England. 

The  proposed  FEL  would  utilise  the  10  MV  folded  tandem  accelerator  at  Oxford  to  give 
radiation  output  in  the  fundamental  from  60-300 ym;  operation  at  a  higher  harmonic 
should  extend  this  range  to  at  least  30 ym.  In  addition  to  an  extensive  programme 
of  FEL  studies  it  is  intended  to  set  up  an  IR  User  Facility. 


R«««ong  for  Proieet 

:  Continue  UK  involvement,  making  use  of 
existing  experience  and  expertise 

2)  Preparation  for  futurn  short  wavelength 
taeillty  for  synchrotran  radiation  community 

3 )  FIR  source  as  user  facility 

4)  Assist  In  provision  of  caritre  lor  accelerator 
physics  studies  and  training  at  a  university 
(Oxford) 


Accelerator 

10  MV  electrostatic  device  at  Oxford,  operated 
Since  196S  and  converted  to  folded  tandem 
geometry  In  1978 

Utilised  at  .  4000  hours  annually  lor  nuclear 
physics.  Out  would  now  Oe  dedieateo  to  FEL 

GAIN  PBEPICnOWS 
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PARAMETER  CHOICE 


Eltttroilllls  FEL 

Low  emlttance  (gun) 

Low  energy  spread 

No  lethargy  (no  rf  structure) 

Qoilmym 

wavalenoth 

FIR 

ComaKt 

wtoaler 

L^  :  2  m 

Am  s  M  mm 

FSUUfJl 

Wide  tuning 

Harmonic  operation 

The  terminal  charging  current  Is  200-300  uA 
and  90  %  recovery  then  produces  a  voltage 
droop  .  1  kV  per  jt  at  2  A  beem  current. 
Operation  for  the  FEL  should  therefore  be 
possible  with  10-20  us  pulses  at  10  Hi.  These 
parameters  are  probably  conservative. 


TlMWl  HiMM 
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PR3.2 


A  NOVEL  WIGGLER  DESIGN  FOR  USE  IN  A  HIGH-EFFICIENCY 
FREE-ELECTRON  LASER 


A.H.  Ho*,  R.H.  Pantell,  J.  Feinstein 
Department  of  Electrical  Engineering 
*Department  of  Applied  Physics 
Stanford  University 
Stanford,  California  U.S.A. 

A  wiggler  for  use  in  a  high-efficiency  PEL  system  utilizing  microwave 
acceleration  to  maintain  synchronism  is  proposed.  The  wiggler  not  only 
provides  a  periodic  transverse  magnetic  field,  but  also  acts  as  a  loaded 
waveguide  capable  of  supporting  microwaves.  Measurements  on  the  wiggler 
confirm  that  it  can  be  utilized  in  a  high-efficiency  design  to  attain 
conversion  efficiencies  of  approximately  50%  in  a  two-meter  length  at 
10  microns  wavelength. 


TNs  work  has  been  supported  by  Vie  United  Stares 

Army.  Huntsvrito,  Alabama  A  bleak  diagrafli  el  Hi#  high  efltf  lengy 

FtL  tytlMR  ' 


WWTnH  ASSOCUTEO  WITH  TAPEREO 
WQOmFEU: 

*Reduc(ion  in  gain  at  signal  levels  other  m«i 
«#ial  the  taper  MAS  designed  lor. 

*Oebapping. 

Trepueney  shM  durirtg  buildup 

*High-efficiency  requires  large  a^or  large 

AOVAKTAGES  OF  lACIlOWAVE  ACCELERATION: 

Xan  vanr  rtecrowawi  field  strength  with 
tinea 

*N0dfO  because  wiggler 
parameters  are  constant. 

'Large  microwave  field  strengths  can  be 
employed,  resulting  m  high  power  generanorr 
in  short  distances  furthermore  me  power 
generated  can  be  increased  simply  by 
increasirfg  the  wiggler  length  (w>ih  increased 
microwave  power,  ot  course). 


AN  INITIAL  DESIGN 
FOR  TTIE  USAOWIGGIER 


MQUmBKNIS  ON 'IW  WtOOLER: 


*AdM)uaii  on  an. 

*HaM  olaeknn  bam  tooming  n  bo«i 
banovaraa  (iiacliana. 


*Tunablo. 


iStnidura: 


“MiM  rnonaia  a  mode  al  «•  kiysiFDn 
Iraquonqrandwnh  v..e. 

9 


*M^be  able  to  Si^jpon  (arg*  microweve 
*■***•'  (*»A  0ivn  mpui  klystron  power,  this 
a  high  slsint  impedence) 

'Avoid  beam  break-up.  and'or  wafcefield 
problerm. 


PROBLEMS: 

•Low  wiegler  field  bccaute  of  Urfr  teskaff  am  t  Bw  < 
•Low  (hunt  impedence  lot  microwaves.  Lvfc  lurfare  irrj 
per  (MM  aiial  diUSAce. 
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ASTAGfZBEDrOLE 
CONnCVKATlON  WIGGLES 


oooooooooooooooo 


ADVAI^TACES: 

-HitiK'  nucnfit  field,  no  equivnlem  proMem  of  lejLi|c  nut 
-Bw  IS  easily  vanfd. 

.Half  the  surface  area  per  umi  anal  disunce  for  the  mictowjvev 
•Ekciron  beam  focussing  is  provided  by  the  anal  magnciic  field 


Dispersion  Curve  tor  Linac/Wiggler 


iiN/retoMer*#  (wAiii  et  e*) 


Hy.e  Sored  ot  ligW  moo*  nas  •fum  eepeOfooe  o<  70  M  «nni*/fn 


Tho  linac/wigglor  alrueturB 


Sotunoid  coils 


on*  Mrigplef  period 


OOOOOOOO  OQOOQQ 


Copper 


-JUL 

piaimg  \*_|  I  |fl _ 

oooooooqooQOO 


Magnoilc  Iron  or  steel 


End  view 
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HIGGLER  RESULTS 


■  aoMRK  PMOOOTm 
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Output  Laser  Power  vs.  Length 


Microwave  Power  ve.  Length 
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SUMMARY 

1.  WenoWAVE  ACCELERATION: 

'Aos  Md  a  Hne-varywg  taper  (avoNi  sa-gaei  reducb^ik. 

’targe  mcrowave  Raid  atrengina  mean  tugn  er>ergy 
eitrac&on  m  ahen  deuncea. 


E  WKKMjER; 

*ProveJea  a  prong,  tunaoie  »Mggjef  held  with  ioeusa»r^  r 
bod)  nnaverse  dimenaons. 

’AQa  es  an  eftioent  hnac  (70  M  ohmarm) 

X  leCH-CFFIOENCV  NUMBERS: 

*n  »  *3%  (»7iv  wHf)  energy  recovery),  for  IwkW 
parameter  values 

’rhia  eencapenda  to  an  ouipui  laser  power  ef  •  4Mw  ter 
a  2m«epgler. 


’*ssumv)gaeon'bir>ed  ef'e  c^cy  c'  i*>e  v  ,>••0')  j-oi  •« 
I'naciobe  3S*.  ano  as^um.ng  oo’.e'  f’lec.n  >  ijsifscue 
to  Output  coup  '"g,  we  get  a  wan  pug  e“  c  cxr 
B  13%. 
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PR3.3  STATUS  REPORT  ON  THE  LOW-FREQUENCY  PHOTO-INJECTOR  AND  ON  THE 

INFRARED-FEL  EXPERIMENT  (ELSA) 

R.  DEI-CAS  and  al.,  Cotnmi ssaridt  ^  I’Energie  Atomique,  Service  PIN,  Centre  d’Etudes 
de  Bruy^res-le-Chatel .  B.P.  n°  12.  91680  BRUYERES-LE-CHATEL.  FRANCE 


Abstract 


The  photo-injector  presented  at  the  FEL-88  Conference  is  completely  assembled  now. 
Performances  of  the  main  components  will  be  outlined.  The  photo-injector  beam 
dynamics  has  been  simulated  by  using  different  codes  and  the  results  will  be 
compared.  By  integrating  the  main  components  under  development  :  photo-injector. 
433  MHz  RF  cavity.  RF  generator,  wiggler  and  optical  cavity,  a  FEL  experiment  (called 
ELSA),  presently  under  construction,  will  be  performed  in  the  20  pm  range.  The 
expected  performances  will  be  presented. 


HIGH-PEAK  POWER  FEL  CONSTRAINTS 


•  H»9h  quality  bcoms 

n  Photo-mjcclor  iLANL-typc) 

. ^  Lew-trcqucncy  Qcctl«<'otor  (low-eoergy  spr«od  . 
rtduced  woke  field  elfecls  .  high-peak  cutrenll 

—  RF  9un  ol  t(4MH2ond  occeleralor  ol  433  HHt 

•  High  ellicieAcy 

- Flexible  Icpered  wiggler 

^  Long  mo<ropul4e  durobon  (200  psl 

•  Oevclopmenl  progrom  irwlipled  m  )9d7  on  klystron,  circulolor. 

modulalor.  433  HHi  covily.  HOM  coupler,  fiei'ble  wiggler. 
photo-injector 

•  POP  cxperimenl  ELSA  decided  m  sepi  1909 
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•  •!  I»«  Wi«c>w  VM  I  ■  IWwl  > 

,  a«w  .  'rwf  «n«  *  CM** 


282 


283 


EX4.1 


CONFIRMATION  OF  SINGLE  MODE  FEL  OPERATION 


Luis  R.  Elias  and  Isidore  Kimel 
Center  for  Research  in  Electro  Optics  and  Lasers 
University  of  Central  Florida,  Orlando,  FI  32816 


Experimental  results  from  the  FEL  at  UCSB  are  reviewed.  At  saturation,  the  laser 
macroscopic  and  microscopic  time  structure  give  clear  evidence  of  discrete  time  structure  and 
single  dominant  longitudinal  mode  operation. 

EXPERIMENTAL  SETUP 


INTRODUCTION 


Evidence  of  single  mode  FEL  operation  is  derived  from 
four  pieces  of  experimental  information. 


•  Macroscopic  power  instability  observed  in  long 
laser  pulses 

•  Time  resolved  spectroscopic  measurements  of  long 
laser  pulses 

•  Mode  beating  observed  with  a  fast  detector  before 
the  onset  of  laser  gain  satnration 

•  Mode  beating  observed  with  a  fast  detector  at  laser 
gain  saturation 

LONG  PULSE  LASER  TIME  STRUCTURE 


FREQUENCY  CHANGE  DUE  TO  CONSTANT 
ENERGY  DROP  RATE 


Multimode  Operation 


V  *0 


Power 


Frequency 


Tirac 


Because  of  incomple  electron  beam  recovery,  the 
frequency  of  the  FEL  changes  linearly  with  time  at 
a  rate: 


dv  2  V  c  Ib  ( 1  -  R  ) 


dt  y  m  c^  C 


Single  mode  Operation 


Power 


V  *  0 


Frequency 


V  3  conL 

JflL 


•  For  the  UCSB  FEL:  v  =  660  GHz  Ib  =  1.2  A 
R  =  0.90  C  =  200  pF 
Y  =7 


dv 

•  —  =  0.25  GHz/sec 

dt 


LOW  RESOLtTION  SPECTRAL  MEASUREMENTS 


EXPERIMENTAL  LASER  TIME  STRUCTURE 
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•  Short  Electron  Pulse 

Upper  trace:  Beam  Current 
Lower  trace:  Laser  Power 
Time  scale  ;  1  ps/div 


•  Lon;  Electron  Pulse 


Upper  trace:  Beam  Current 
Lower  trace:  Laser  Power 
Time  scale  :  62S  ps/div. 


HIGH  RESOLUTION  SPECTRAL  MEASUREMENTS 
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Results: 


•  High  resolution  Fabry- 
Perot  scan  (left).  Laser 
power  vs.  time  (right). 


Fabry-Perot  spectral  resolution 
Spectral  line  separation 
Observed  line  frequency  chirp 
Calculated  frequency  chirp 


220  MHz 
1.5  GHz 
OJ  GHz/ps 
0J5  GHz/ps 


Conclusion: 


LiMr  Power  VI.  Um 


3 


iAAAh. 


Lorn  rwohitioe  Fabry-Ptrof 
latcriieroaictcr  tcaa 


Caster  freqneacy 
Otoenicd  spectral  bandwidth 
FracdoDa]  spectral  bandwidth 
Paisc-tn-pobc  voltaic  stability 


(60  GHz 
640  MUz 
10-3 
SzIO-* 


•  AvAmiphaL  NmcIrru.  taaMMk^UBdSaOiS. 


S(NGL£  PULSE  USER  SPECTRUM 


Deduced  laser  spectrum 
before  onset  fain  of 
gaia  saturatloo 


Laser  power  time 
Structure  *6r  a  short 
electron  pubc 


Lnser  power  time  structure 
after  signal  reaching  saturatioo 


Dedeced  laser  spectrum 
ni  galQ  saturadoo 


SINGLE  PULSE  LASER  BANDWIDTH 


TM  —  IlO  an/OvJ 


•  The  UoM  structure  of  the  above  shown  sigaal 
waa  followed  for  2  ou  without  observing  any 
phase  chaDf*  In  the  heat  wave 


•  The  observed  frequency  spectrum  is  discrete 


•  The  frequency  chirp  rate  is  well  correlated  to 
accelerator  voltage  drop  rate. 


•  CoDclttsioo: 
From : 


Av 


I _ 

2xAI 


AV  »  lOkHz 
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EX4.2 


A  Review  Of  Optical  Guiding  Experiments  Done  With  The  Columbia  PEL 
T.  C.  Marshall,  A.  Bhattacharjee,  S.  Y.  Cai,  S.  P.  Chang,  J.  W.  Dodd 
Columbia  University,  Department  of  Applied  Physics 
New  York,  New  Yoric  10027 


A  series  of  optical  guiding  experiments  in  an  overmoded  waveguide  have  been  carried  out  using  a 
2mm  wavelength  PEL  facility  (lkA/cm^,800kV).  Two  methods  are  used  to  detect  guiding:  analysis  of 
the  spatial  “ringdown”  following  beam  termination,  and  location  of  the  sideband  frequencies.  Both 
experiments  show  guiding  effects,  and  that  latter  indicates  “refractive”  guiding  is  imponant.  Research 
supported  by  the  N:>P  and  ONR. 


7  2.8- 

O 


mMMmm 


ft®  ri 


n,  t 

radial 


C^5  J  .V 

* 


Fig.  1  Computed  growing  optical  wave 
profile. 
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Fig.  2  Gain  spectrum,  guiding  (a) 
and  no  guiding  (b). 
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Fig.  3  Experimental  apparatus. 
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SIDEBAND  GROWTH  RATE  (»10'’cm'’)  SIDEBAND  GROWTH  RATE 
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Fig.  6  Power  growth  rate 
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Fig.  5  Radial  power  profile  at  arrow 
point,  Fig.  4. 
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Fig.  7  Computed  sideband 

spectrum.  (Carrier 
not  shown) 
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Fig.  8  Experimental  FEL 
spectrum. 


HARMONIC  GENERATION  EXPERIMENTS  ON  THE  MARK  III  FREE  ELECTRON  LASER 


EX4.3 

Douglas  J.  Bamford,  David  A.G.  Deacon,  Deacon  Research,  900  Welch  Road,  Suite  203, 

Palo  Alto,  CA  94304  USA 

During  the  past  year  we  have  made  considerable  nrogress  in  understanding 
the  unusually  large  bandwidths  of  the  harmonics  of  the  Mark  III  FEL,  which 
result  from  overbunching  of  the  electrons  at  the  harmonic  wavelength.  We  have 
also  measured  the  spatial  profiles,  small-signal  risetimes,  and  coherent 
enhancement  factors  for  the  harmonics. 


HARMONIC  GENERATION  EXPERI¬ 
MENTS  ON  THE 

MARK  m  FREE  ELECTRON  LASER 


Douglas  J.  Bamford  and  David  A.G.  Deacon 
Deacon  Research 
Palo  Alto,  CA 


Supported  by  the  SDIO  1ST  office, 
managed  by  ONR 
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MOTIVATION: 

—  Make  shorter  wavelengths 

—  Avoid  optical  damage 

—  Understand  FEL  physics 


RESULTS  TO  BE  DISCUSSED: 

—  Bandwidths 

—  Spatial  profiles 

—  Coherent/incoherent  ratios 

—  Small-signal  risetimes 


coherent/spontaneous  ratio 


i  i  i  i  r  B 
HARMONIC  NUMBER 


SUMMARY  AND  CONCLUSIONS: 

-  Harmonic  bandwidths  are  incrensed  by 
saturation  effects,  couid  be  reduced  by 
tailoring  micropubes. 

—  Spatial  profiles  are  complicated,  sensitive 
to  electron  beam  properties. 

~  Selective  enhancement/cancellation  re¬ 
quires  further  research 
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f\-t  recent  RESULTS  OF  THE  ENEA-FRASCATI UNDULATOR  FEL  EXPERIMENT 

F.  Ciocci,  G.  Dattoli,  A.  De  Angelis,  A.  Dipace,  A.  Doria,  G.P.  Gallerano, 

L.  Giannessi*,  A.  Renieri,  E.  Sabia,  A.  Torre  and  D.  Jaroszynski** 

ENEA,  Dip.  TIB,  U.S.  Fisica  Applicata,  P.O.Box  65,  00044  Frascati  (RM)  (Italy! 


ABSTRACT 

An  undulator  free  electron  laser  experiment  (U-FEL)  is  under  way  at  the  ENEA 
Frascati  Center.  The  U-FEL  employes  a  20  MeV  microtron  as  electron  beam  source  and 
operates  in  the  middle  infrared  region  around  30  urn. 

Recent  results  of  spon-aneous  emission  measurements  are  discussed. 

♦  TIB-RIA,  C.R.E.  Casaccia  (RM)  (Italy) 

**  Permanent  address:  Heriot-Watt  University,  Edinburg  (U.K.) 
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AP1.1 


17.1  GHz  Free-Electron  Laser  As  A  Microwave  Source  For  TeV  Colliders 

R.  A.  Jong,  R.  D.  Ryne,  G.  A.  Westenskow,  and  S.  S.  Yu 
Lawrence  Livermore  National  Laboratory* 

University  of  California,  Livermore,  California  94550 

and 

D.  B.  Hopkins  and  A.  M.  Sessler 
Lawrence  Berkeley  Laboratory** 

University  of  California,  Berkeley,  California  94720 


We  shall  describe  the  development  of  a  17.1  GHz  microwave  source  based  on  an  induction-linac  driven  free- 
electron  laser  that  is  expected  to  produce  peak  power  levels  at  the  several  GW  level.  This  system  is  being  designed 
to  serve  as  the  power  source  for  a  TeV  linear  collider  or  other  high  gradient  accelerators. 


*  Work  performed  under  the  auspices  of  the  US  Department  of  Energy  by  the  Lawrence  Livermore  National 
Laboratory  under  W-7405-ENG-48. 

**  Work  performed  under  the  auspices  of  the  US  Department  of  Energy  by  the  Lawrence  Berkeley  Laboratory 
under  DE-AC03-76SF00098. 


Power  sourcs  roquIrmMUs  tor  TeV  collldera _ q 


•  OmI  lot  (Wras*  flrMlMt  M  100.200  M*V/m 

•  CMmcttriMIc*  of  RF  drhw  MMirc* 

—  High  Iraquoney;  10-20  OHl 

minlmiio  otorod  onorgy  ofid  pomror 
(voM  oloctricai  broohdonni 

—  High  pMk  poMor,  .1-1  OW/m 
koy  to  high  gmdio n< 

—  Short  till  tlmo, -SO  no 

oupporto  high  IroqHoncy  otructura 


Short  PMIOO  longth  and  high  poik  poawr 
an  Intrlnaic  to  Induction  accalatalofo. 


TeV  collider  frequency  choice  ■ 

•  Factors  driving  frequency  up 

-  sccaioralor  coat 

-  peak  power  -  f 

-  stored  energy  » f 

•  Factors  hotding  frequency  down 
-wakes 

-  alignment  and  structure 
tolerances 


(Preliminary  astimatas 
of  Palmer} 


Practical  llmita  on  gradient _ _H 

•  200  MaV/ni  uppar  IlmH  based  on  Mookdoam  daU  (primarily 
Loowa  Wang) 

—  a  law  carolully  condhlonod  cavKIas 

•  Hood  to  undofsiand 

—  braakdoarn  In  mult|.cavity  sactions 

—  offsets  of  dark  euriom 

—  tschniqiiao  for  HOM  damping 

(soppily  lor  multipla  bunchos) 

—  affacis  of  conditioning  (-100  Hz) 


Power  source  requirements  and  status _ Hj 

•  aWpowaraourcaoatlO-ZOaHznaadad 

•  Piaoant  slatua 

—  11.4  OM  — 200  MW  Horn  RF 

—  1 7.1  OHl  —  no  aourca  availsbio 

BUT  2  QW  9  U  OHZ  trom  ELF  wigslar  In  1906 

•  High  quality  HF  powar  la  laquirad 

—  phsao  and  amplltudo  alabla  during  pulsa 

•  High  alliciancy  and  accapUMa  cost 


293 


Qualify  RF  powar  Imposes 


SlltV 
1  teSkA 


•  Entrgy  ftotiwM 

±1%  ovtr  SO  HMC 

•  AHonmtni 

±1  mm 

•  Rtptition  rU« 


17.1  GHz  FEL  parameter  constraints _ Hg 

•  IMP  typ*  wlgglar 

1.  1  to  2  m  long  Mrigglcr,  with  10  cm  period 

2.  Maximum  magnaUc  field  of  about  4.S  kO 

3.  Synchroftiam  condition  iimits  beam  energy  to  3  MeV 

•  Accelerator 

1.  Beam  currant  of  1  to  3  kA 

2.  Maximum  baam  anargy  of  3.5  MeV 

•  Realistic  beam  and  wigglar  tolerances 

1.  0.1  %rmswiggler  errors 

2.  1  mm  beam  displacement 

3.  ±1%  beam  ertargy  sweep 


17.1  GHz  FEL  parameters 


Axial  profiles  for  10  cm  | 


•  *Mum*4  bMm  and  wtgglar  candMons 

1.  SMaV,  1  kAbaain 

2.  l.Smlangartgglar,adtli  10  cm  parted 

3.  tl%  baam  anargy  awaap  (act  by  plwaadmaranea) 

4.  1  mm  baam  diaplacamam  (wiggla  and  non  etggla  pfanaa) 

5.  ai%mia  wigglar  arrara 
a  ZObydemwaaagulda 


•  FEL  output 

1.  1.4  OWpaak  power  In  TEg^  moda 
Z.  sa%axtraction 
a  Aboul  r$%  trapped 
A  nil  taclor  about  30%  In  wiggla  plana 
a  nil  lacier  about  4S%  In  nanwlggla  plana 


(a)  TE«i  Held  power  (b)  Wigglar  llald  atrangib 


zim  3i*4 


Currant  (kA) 
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Longw  period  17.1  GHz  FEL  parameter _ g 

*  AMumad  bMm  and  wtgglar  condHiona 

1.  3  HaV,  1  kA  beam 

2.  Zmlongarfgglar,  wKh  iscmparlod 

3.  ±1%baamanargyawaap(aalbypliaaadlftaranoa) 

4.  1  mm  baam  diaplaoamam  (wiggla  and  non-aiiggla  planaa) 

5.  n.i%rmawlgglararrora 
31  2.9  by  3  cm  wayagulda 


•  FEL  output  (lor  IS  cm  parlod  wigglar) 

1.  t.OOWpaak  powar  in  TE(n  moda 

2.  37%  axtractlon 

3.  About  7S%  trappad 

4.  Fill  (actor  about  40%  In  wiggla  plana 

9.  Rll  (actor  about  47%  In  non^aiggla  plana 


>  Longer  panod  wiggtara 

1.  HigOar  baam  anargy  la  raquirad  to  boat  utilza  longer 
parlod  wigplain  and  Incraaaa  aztractad  paak  power  larala. 

2.  Sknulationa  auggaat  that  batter  phaaa  atabllity  can  be 
achieved  with  higher  baam  currant  and  longar  aravaiangth 
wlgglam 

3.  Peek  power  o(  about  I  QW  can  be  achieved  with  IS  cm 
wigglar  period. 


•  Beam  re-acceieration 

•  Relativistic  klystron  "afterburner" 


Reaccelwatloo  Ibbuoo _ g 

•  Beam  dabunching  due  to 

(a)  anargy  apraad 

(b)  apoca  charge 

•  Baam  praaervatlan  thru  it  poerar  aatractora 

•  Power  output  o*  bunched  baama  through  Induction  calla 
(aflact  minimization  through  apaclal  call  daaign) 

•  Phaaa  apaca  dMortlon  o(  baam  buckela  due  to  baam  loading 
in  aecalarating  calB 

•  Matching  during  ra4n|actioninlowlgglariRK 

•  RIC  more  ralaiad  than  FEL  ainca  phaaa  apaca  raquiramanta 
a(  RK  are  more  tolarant 
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The  spent  FEL  beam  debunches  rapidly 
with  distance 


RF  currant  at  a  function  of  distanca 


0  0.1  0.2  0.3  0.4  0.S  a«  0.7  0.1  0.0  1.0 
Z(m) 


OHticuHy :  Yh*  opcnt  FEL  Mam  datounciiaa  rapMly,  loading  to 
r«4uc«d  RF  cyrrtnl 


RK  affarburnar  simulations  fconf.) 


SimuMlona  Indlcala  that  «a  can  oOUIn  aavarat  hundrad 
MW  ot  poamr  uaing  muHIpla  output  cavHlao. 


Scavlty  V,.3MV,I..1  ltA,ls17QHi 
Wtatburnar:  ■  • 

L^  X  00  cm.  L]  X  78  cm  Lj  X  06  cm 

X  r^x  tj  X  20000 
O^X  'OLOt  OjxOjX  0 


Raaulta;  P,  xIOOMW,  P,  x  200  MW,  P,  x  140  MW 
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AP1.2 


Current  Applications  Using  the  UCSB  Free  Electron  Laser 

Jann  Kaminski 

Department  of  Physics  and  Center  for  Free  Electron  Laser 

Studies 

University  of  California 
Santa  Barbara,  CA  93106 

Abstract 

Using  the  far-infrared  radiation  produced  by  the  UCSB 
FEL,  various  biological  science  and  solid  physics  experiments 
have  been  performed.  As  a  particular  example,  magneto¬ 
absorption  measurements  on  the  shallow  donor  system  in  n-GaAs 
are  presented. 


Camat  AattliariaM  ot  tit»  tirSB  FtL 


Canar  for  Fw  EWtn>tt  I  Siudiea  ICFELS) 


I  latrodttcuot 

n  C«oi«r  for  f  rM  Etoctroa  UMr  Srudm  (CFELS) 

III.  FEL  Coatrol  SytMtB 
IV  Esp«na«ocs 

A.  Btoiofy 
B  BiO'Phyiici 
C  Solid  Stti*  Physics 

1  MsfootK  Sysuos 

Z.  Eloctrooic  Trtasitioas 

2  SeniKOSductor 

s  Bulk 

b  Low«r  OiiDonsiObkl  Elcctroo  Syittoa 


C^ilaboriiorc 

lcsb 

V  Jsccarifto 
A  Kio| 

1  Spoctoc 


UK 

C  Pid|«oa 


f.  CFEL4S  cooaiM  •  USER  LABORATORY  adjoiftiot  the  FEL 

A.  5  larfa  apMahu*  output  pora  with  Mpaxau  optioU  benches 

B.  Cryottoic  SQUipiMBt  -  opucsd  R  oMgoa^  dawin 

C.  OpticaJ  compOBCDis  •  datoctors.  datactor  uny,  off-Uis  mimirf. 

D.  Data  raductioa  equipBaat 

II.  FEL  Davstopeaaat 

A.  2  MaV  acccicnter  ■  compact.  loa|  vavalaDBilM 

B.  Micro'uadulators 
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E£L 


Bkik>»v/Bio~oliviiea  AnoliahoM 


1.  FCL  optrwiat  pwMMm 


Frtqutacy  Rut* . . . 20-75  cb“ 

.  500-J33u« 

Petk  roww .  I  3  kW 

Pctk  Pow*r  DtMiry  30  kW/cm^ 

PuiM  IkidtB  (PVHMir*!  0  5-Jwsec 

R*p«tiUP*  R*f* .  0  3  Hx 

FreqMftcy  Lioiwidth 

(ftv*f*t*) . 16  GH* 

(siBti*  MHM) . lO  MHi 

Frequency  Tuoibiiity . 2% 


(*]  Pub*  baiths  u  short  u  20  oiec  hivt  be«a  produced  by  me*ns 
of  «a  eiiera*!  scaicoftductor  switch. 


t.  Bioloty 

A.  First  bioloficai  •ff*ca  s**«  with  u  FEL. 

-  s*apl**  if*  r«t  kutarao  ktdhty  c«lb 

-  FEL  frequeocy  •  50  ca 

-  C*lb  iihibic  iohibitioa  of  DNa  syathMis  with  high  mwasity 
RR 

(Burai  M  *1..  1919) 


II.  Bio-Physics 


11.  R*c*Dt  laprovtaoBO 

>  uapies  *r*  photo-dusocaiMl  tperc  *'h*l*  ayofloha 

A.  Cavity  duapiM  output  *  fr*Qu*Bcy  ■  50-5  ca 

•  NctYAG  User  ioducod  airror  ia  Si  waf«r  ’  CBhaac«a**i  of  rucoabiaatjoa  rat*  u  low 

leapetatura  with  iauaa*  FIR  pub** 

•  30  tia*c  pub*  u  20  kW  p«ak  power 

(Auatia  t  ai..  >919) 

B.  Hybrid  wiftbr 

-  iBcrcaa*  freqiMaey  ratig*  (  <  130  ca) 

C.  Fit*d  Lawr  Fr*qu*hcy  la>*ctioe  Lockiag 

-  rodtto*  FEL  fr*qu*aey  jitar  froa  1.6GHf  to  10  MHa 

D.  Coapuar  coatrolM  aataet  4  uraiaal  elcctrooic  lystca 

-  (mm  4  «*sbf  cold  start-up 

•  sap  award  auaaatioa 


CYTlnfm  ■■ 


Solid  Saw  Phvi^ 


I  MaiMtic  systeaa 

-  Bulk  4  Impurity  spia  taodes  la  AFM  FrF2  w/  Ma 

•  TYiio  byer  aFMR  ib  FcF2 

II  Eleciromtc  Systems 

A  Rare  Earth  Impurities 

■  samples  R  E  (noainajiy  1%)  la  LaF} 

-  transitions  of  localized  af  levels  la  ground  muitipbt 

B  Bulk  Semiconductor 

High  puntv  aod  doped  b-CbAs  aad  n-lnP 

-  Photoconductivity  aad  iransmiision  iw^  4  uro  8) 

•  Shallow  donor  uturation  spectroscopy  at  low  T 

C  Lower  Oitnenstonal  Electron  Systems 

•  lime  ttrv^tur*  la  Si;MOSFET  and  CsAs/GaAlAs 
hettrojuBctioe  of  phococonducive  and  photovoliBK  response 

■  saturation  of  2D  cyclotron  resonance  and  2D  plasmoo 


Energy  bvel  dJun*  of  b-GbAj  Bear  cewductioe  bead 


•  at  low  T.  equilibrium  popubtioo  ib  CV  is  small:  ae 
abserptiee  at  low  laMity 

-  impact  loniaiioB  cauan  iBcrcaaed  abaorption  at  high 
latensity  wbciI  taturatiM 
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AP1.3 


APPLCAUONS  OF  INFRARED  FEL  IN  PICOSECOND 
AND  NONLINEAR  OPTICAL  SPECTROSCOPIES 


W.  S.  Fann 
Stanford  University 
S.  Benson  and  J.  M.  J.  Madey 
Duke  University 
S.  Etemad  and  G.  L.  Baker 
Bell  Communications  Research 
L.  Rothberg 

AT&T  Bell  Laboratories 
M.  Roberson  and  R.  A.  Austin 
Princeton  University 


In  this  talk  we  review  two  independent  works  that  have  used  the  infrared  FEL,  Mark  III,  for 
studies  of  condensed  matter 

1 .  Spectrum  of  x(^)(-3(o;(D,(i),a))  in  Polyacetylene:  An  Application  of  Free  ELectron  Laser  in 
Nonlinear  Optical  Spectroscopy. 

2.  Dynamical  Test  of  Davydov-like  Solitons  in  Acetanilide  Using  a  Picosecond  Free  Electron 
Laser. 


fjaiFXM.  ) 

DuAk  frt  lat€r  Imt 

Lasar  Performance 

Tuning  rang* 

ie  pm 

OamonalrMwl  tuning  rang* 

;>ni 

Oak) 

20-100% 

Energy  par  pulaa 

1-200  mj 

BapaUtlon  ral* 

Single  ahot-30  Hz 

powsf 

0.S-2MW 

Maeroputa*  langth 

O.S-0  iiaac 

mcropul**  langth 

0.5-3.0  paac. 

Spactral  bandaridlh 

0.5-1 .0%FWHU 

SIrahl  ratio 

»0.7 

1 

Fig.  1-  Markin  infrared  Free  Electron  Laser  Performance. 
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X  (-3a);(o,(i),co)oc  .  ■■!■  — r— - , 

(oj -3(0t^  (co-2a>,^(e>-(Oci) 


Two  photon  resonance  could 
couple  ground  state  with  excited 
states  that  have  same  symmetry 


One  and  three  photon  resonances 
could  couple  ground  state  with 
excited  states  that  have  opposed 
symmetry 


Conjugated  Polymers:  Long 
Polymers  Chain  with  double  or 
triple  bond  in  the  carbon  backbond 


Polyacetylene, (CH)x,  Simplest 
Conjugated  Polymer 


=>Large  Nonlinear  Reponse=>Lar{ 
due  to  n-electrons 
delocalization 

=>ls  its  electronic  structure  like 
small  molecule  or 
on»<limensional  semiconductor? 


Small  Molecule :  n-electrons 
we  highly  correlated 

One-dimenalonal  Semiconductor 
:  ifolectrona  are  uncorrelatod 

Poaltlona  of  excited  atatea  are 
different  for  two  modela 

C  s>Olfterent  Prediction  of  relative 
I  poaHion  of  two  and  three  photon 
^  reaonancea 

s>tunable  infrared  Laaer  to 
meaaure  the  apectrum  of 

X<^)(.3(i>;(a,CD,a)) 


=>  Spectrum  of  could  provide 
information  of  ail  excited 
states 


I 
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Mtetnoa  ol  measuring  x""(-3oj.w.oj.w) 
s>Comparc  th«  third  harmonic  generation 
signal  of  (CH)x  with  fused  silica,  which 
is  known 

=>  The  thickness  of  (used  silica  Is 

larger  than  Its  coherent  length,  so  you  will 
observe  Maker  fringe  as  sample  rotates 

=>  The  thickness  of  <CH)*  Is  shorter  than  Its 
coherent  length,  no  fringe  as  sample 
rotates 


Fig  2-  The  open  circles  are  x*’*  of  (CH), 
measured  by  conventional  laser. 

The  solid  line  is  Ihex*'*  of  (CH)j,.(  Ref,3) 
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Fig  3-  The  luN  tpectnim  ot  x<’>  measured 
by  Free  Electron  Lssertt).  and 
conventional  laserto). 
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a(10*cfn  ’)  X*00^  MU)  X™(10^  MU) 

FIG/^  (a)  The  spectrum  of  absorption  coefficient  /^'*(a») 
tn  rrani'(CH)<  as  a  function  of  a»  (Ref.^ ),  (b)  The  spec¬ 
trum  in  the  vicinity  of  the  two-ph^on  resonance  as  a 

function  of  2ai  (c)  The  spectrum  in  the  vicinity  of  the 

three-photon  resonance  as  a  function  of  3e».  The  dashed  iirw  is 
(he  position  of  the  ID  energy  gap  (Ref.j  ). 
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fig. 5.  The  *pec*rum  in The  results 

obtained  usin|  the  free^eleetron  laser  (filled  squares)  and  those 
obtained  from  previous  work  (Ref.3  )  (open  squares)  are 
shown  The  solid  and  dashed  lines  are  calculations  of  x 
within  the  freeeiectron  (Ref.6)  and  highly^mrrelaiedelectron 
(Ref.  *I  )  models,  respectively. 


Measure  spectrum  from  1.1  urn  to 

3.3um 

=>  Three  photon  resonance 
position  Is  determinated 

s>  Clearly  resolved  a  two  photon 
resonance  and  a  three  photon 
resonance 

=>  The  X'”  at  the  peak  of  three 
photon  resonance  is  the  highest 
among  semiconductor 

Conclusion: 

=>  Seems  that  free  electron 
model,  or  semiconductor  model, 
fits  data  better  than  molecular 
model 


Dynamical  Test  c  Oavydov's-llka 
Solitons  in  Acetaniiida 
Using  PEL  to  do  Infrsrsd 
picosecond  spectroscopy 


Is  It  possibis  to  transport 
vibrational  energy  in  a-Helix 
proteina? 


Normally  this  is  impossible 
because  of  diaparalon 


A.S.  Davydov  proposed  using  C=o 
to  carry  anatgy 


=>uslng  nonlinear  Iniaractlon 
between  C=0  and  low  frequency 
phonon  to  balance  dispersion 


-Soo'i 

- 


iBo  1550  iJ75" 

Cairri  et  *1 


s>  "Davydov  Sonions'' 
s>  Propagate  at  the  speed  of  sound 

s»  No  Conclusivs  Evidences  in  Fig  6-  Th«  infrared  absorption  spectrum 
Proteins  ol  ACN  Thel  665cm  ’  band  is  the 

C-0.  and  the  t650cm  ’  band  at  80^  is  the 
Acetanilide:  (CHiCONHC«H.),ACN  -solt'ion  band*  (Pel  8) 


Measuring  Ti  (Population  Lite 

Time)  ol  1650CM  ’,  "Soliton  Band' , 
at  low  temperature 
=>Nead  Strong  IR  pu'»*  <1° 

bleaching  experfmenf 

=>Using  MIcropulsa  structure  In 
Markin  to  do  picosecond 
spectroscopy 


=>lf  the  relaxation  time  >350ps,we 
won't  be  able  to  measure  It. 

:f  •!  'I 


I 
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Inset  Illustrates  the  picosecond 
miaostructure  of  the  pulses. 

(b)  Wavelength  chirp  measured 
during  the  macropulse. 


During  the  macropulse,  pump  beam 
puts  In  1  milljoule  of  energy  in 
sample  s>  Sample  heating  due  to 
macropulse 


Fig.  8-  (a)  Top  section  shows  absorption 

of  ACN  around  1650cm  '.  Tuning 
occurs  naturally  due  to  chirp  of 
the  FEL.  Macropulse  time  has  been 
converted  to  wavelength  on  the  top  axis. 
(bl  Bleaching  versus  wavelength  at 
three  different  pump-probe  delays. 


What  do  W8  loam  about  PEL? 

Shot  to  shot  stability  is  around 
5%. 


s>Whlle  the  pump  beam  presents, 
the  actural  temperature  of  the 
sample  is  around  330k.not  aok. 
during  the  macropulse. 

s>lt  you  heat  it  "fast  enough"  the 
band  does  not  disappear 
The  1650cm-1  band  persists 
following  rapid  pulse  heating 

But  on  the  other  hand,  if  you  heat 
it  slow,  as  In  the  F.T.I.R 
meaaurment,  the  band  intensity 

decrease 

Conclusion; 

»  There  Is  nothing  unusuel  about 
the  population  life  time  of 
I650em-1  band 
s>  The  behavior  of  the  band 
depending  on  how  fast  It  been 
heated  implies  the  origin 
of  the  band  Is  due  to  structural 
changea 


Better  than  different  frequency 
mixing  and  stimulated  Raman 
scatterlngs>  50%  fluctuation. 

But  sometimes  there  is  long  term 
,  20  mins  to  half  hour,  wavelength 
drifts. 

Macropulse  chirping  could  be 
useful  for  spectroscopy. 

High  peak  power  in  micropulse  is 
useful  in  transient  experiments. 

High  average  power  in  macropulse 
could  be  useful,  but  it  could  cause 
problems  too. 


Fwip-pnoat  ocukY  (pwci 


Fig.  9-  Transient  bleaching  recovery  at  1650cm'’. 
The  fast  compoent  is  due  to  coherent 
artifact.  The  slow  compoent  gives 
T,>15t5  picoseconds  relaxation  time. 
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AP1 .5  HIGH  AVERAGE  POWER  CW  FREE  ELECTRON  LASERS  FOR  APPLICATION  TO 

PLASMA  HEATING:  DESIGNS  AND  EXPERIMENTS 


J.H.  Booske,  V.L.  Granautein.  T.M.  Aatonaea,  Jr.,  S.  Bidwell. 

Y.  Carmal,  W.W.  Deatler,  P.E.  Latham.  B.  Lavush, 

I.O.  Mayergoys,  O.J.  Radack,  Z.X.  Zbaag 
Univerticy  of  Maryland,  College  Park,  MD 
and  H.P.  Freund,  SAIC,  McLean.  VA 

A  short  period  wiggler  (f«  1  cm),  sheet  beam  FCL  has  been  proposed  as 

a  iow-eoet  source  o(  high  average  power  milUiiieter>wave  radialtoo  for  plasma 
heatiag  and  spac**based  radar  appUcatione.  Aeceot  ealcuiacions  and  ejcpert- 
meua  confirming  the  feasibility  of  this  idea  in  several  critical  ereas  —  will 
be  described.  Results  of  short^puise  FEL  oscillator  esporimtats  will  also  be 
discuased. 

^Supported  by  DoE.  ONR.  and  SOIO/IST  through  a  contract  managed  by 
Harry  Oiamood  Laboratory. 

Parameter  Goals:  i  MW,  CW  output  rf 

Vb  0.5  -  1.0  MV 
r  150  -  600  GHs 
rrotAt  ^ 

Feasibility  Issues:  Design  AexibiUiy 

thermal  management  (rf  wall  losses,  body  current) 
gun  design 

spent  beam  energy  recovery 
implications  of  short«period  $.C.  wigglen. 


Table  1.  1  MW.  500  GHs  Untapered  FEL  Oscillator  Oesigos 


;  (kv) 

650 

850 

1000  1 

Ib...  (A) 

46 

40 

34 

j  bhMw  (cm)“* 

0.20 

0.24 

0.26  1 

j  SbMM  (cm) 

4.0 

4.0 

4.0 

'  (deg) 

t  2.0 

r  2.0 

£  2.0  ( 

'  bK  (cm) 

0.5T5 

0.575 

0.70  1 

•rf  icm) 

^.5 

6.0 

6.0  1 

T., 

0.13 

0.11 

0.12  : 

1  L  (cm) 

19.6 

25 

10 

tm  (cm) 

0.85 

1.25 

1.50  ) 

1  N«  (#  periods) 

23 

20 

20 

1  B.  (kG) 

2.0 

2.0 

2.0  1 

1  (cm) 

15.5 

18.7 

21.1  i 

1  f  (GH.) 

285 

288 

300  j 

3.0% 

3.1% 

3.0%  1 

1  ^Ta/iTt  -  1  )  (total) 

£  0.8% 

£  0.8% 

£  1.0%  1 

1  beam/wall  clearance  (mm) 

0.88 

1.7 

2.2  ! 

i  ^..urcK  (<l.g) 

£  3.5 

£  5.5 

£  6.0  1 

72 

24 

<.  10  1 

P»,  (MW) 

6.9 

9.3 

8.9  1 

P«..  (MW) 

0.90 

1.00 

1.02  i 

TT  (029(  beam  energy  recovery) 

28% 

28% 

28%  i 

»iv  (kV) 

71.5 

93.5 

110  ! 

Notes! 

(1)  Injected  beam  thickness  is  1  mm  in  all  cases. 

(2)  Used  o-values  reduced  x2  from  textbook  values. 

(3)  Maximum  estimated  cooling  capability  l.S  kW/cm*. 


BODY  CURRENT:  SPACE  CH/  ^GE  CONFINEMENT 


-P  •.  t'k/v^iOw.  n«=eB«/mc 


_  “Drillioun’'  Flow  Coudition) 


When  -p  <i(L  r»/vtr‘in.,  space  charge  is  negligible. 
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divergence  ongle  (cm) 


SPENT  BEAM  ENERGY  RECOVERY 


Design  ReUtiooa: 


'rroTAL  =  ~  '/roull  ~  'A-}] 


Olv/^HV  »  I  -  (  <lraU  'h  • 


(  n  o)  »6oiiOA  opotp  jOidSiSp 


DC  Power  Supply  Technology  Status: 

V  ~  200  kV,  P  ~  I  MW  DC  commercisilly  svaiUble. 

V  -i  300  kV.  P  1  MW  DC  not  currently  available  in 
practical  or  cost-effective  form  (exterior  sub-stations) 


Implication; 


for  ^v  0-7  -  1-0  MV,  need 

n^<Ai  -  T*  ~  0  7,  or  ^  0  80.  ff*  0  10 


(*H9)  ‘^DuanbdJi 


SHORT-PERIOD  SUPERCONDUCTING  WIGGLER 

Predicted  parameters:  0,  -  5  .  lO  kG  <9  1  cm 

Implications: 

(1)  Improved  beam  confinement 

(2)  Strong  pump  regime  -f  B«-capering  «  30-40%  efficiency? 

-I„ik)L>l.  aw/-)o  > 

irm  B  4  !.;-p/ckw>^(‘'’.  :p  5  4>rne*/m-*^ 

Example:  V,,  -  1  MV.  Ii,  ~  4  A 

Ah  ~  0  2  *  4  0  cm  ---  0.8  cm" 

B»  —  6  kG,  ^  1  cm 
L  0.7  m 

{•)  a,/-,o  %  0  19  >  5:  0  068  v 

(•)  -I«ik)L-^32>l  V 


CONCLUSIONS 

1.  Critical  technological  risk  areas  appear  managable  with  con¬ 
servative  safety  factors. 

2.  Body  current  negligible  with  low  cmittance.  low  perveance 
beams-  CW  beam  generation  feasible  with  multi-anode  sheet 
beam  thermionic  guns- 

3.  80%  necessary  and  advantageous  with  low-gain  FEL 
oscillator 

(a)  Looks  practical  due  to  small  beam  energy  spreads. 

(b)  Reduces  beam  power  supply  to  commercially  practical 
voltages. 

4.  S-C.  Wiggler  at  -  I  cm  period  provides  improved  focusing, 
possibilities  for  high-gain  Compton  regime. 

5.  Demonstration  of  lasing  with  10  periods,  <  50  ns.  Vb  -  300 
kV,  f,  -  I  cm,  B,  ^  1-5  kG,  Ib  -  100  A. 

This  work  was  supported  by  the  U.S,  Department 
of  Energy. 
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PLENARY  VEPP-3  STORAGE  RING  OPTICAL  KLYSTRON;  LASING  IN  VISIBLE  AND 

PAPER  ULTRAVIOLET  REGIONS 

G.N.  Kulpanou.  V.N.  Litvinenko,  I.V.  Pinayev,  V.M.  Popik,  A.N.  Skrinsky, 

A.S.  Sokolov  and  N.A.  Vinokurov. 

Institute  of  Nuclear  Physics,  Siberian  Branch  of  the  USSR  Academy 

of  Sciences,  Novosibirsk,  USSR 


O 

Lasing  in  a  wide  2400-6900  A  spectral  range  (from  visible  to  ul¬ 
traviolet)  was  reached  in  the  optical  klystron  OK-4  installed  on  the 
7BPP-3  storage  ring.  OK-4  is  the  first  PEL  operating  in  UV. 

'•  •  Introduction 

o 

The  optical  klystron  was  pro-  lasing  in  the  violet  (3750-4600  A) 

o 

posed  in  1977  by  Vinokurov  and  and  ultraviolet  (2400-2700  A)  ran- 
Skrinsky  /I/  as  a  modification  of  ges  was  also  obt£d.ned  /3/. 
a  free  electron  laser  (PEL).  It 

has  a  much  higher  gain  per  pass  2.  A  bypass  on  the  VBPP-3 
than  a  PEL  due  to  using  a  special 

device  -  a  buncher  located  between  The  scheme  of  VBPP-3  storage 
two  undtilators.  Experiments  with  ring  with  the  bypass  is  shown  in 
an  optical  klystron  (OK)  have  been  fig.  1.  The  bypass  consists  of  two 
carried  out  at  our  Institute  since  bending  magnets,  12  quadrupoles,  a 
1979.  vertical  wiggler  and  an  OK  mag- 

In  late  1985i  it  was  decided 
to  update  the  VEPP-3  storage  ring. 

One  of  the  most  importemt  tasks  of 
this  modernization  was  to  install 
an  additional  straight  section  (by¬ 
pass)  dedicated  to  OK  operation. In 
Meirch  1988  the  bypass  was  success¬ 
fully  installed  on  VEPP-3*  in  Ap¬ 
ril  a  circulating  electron  beam 
was  captured  and  on  June  3  lasing 
was  attained  and  wavelength  tunab- 
illty  from  5800  to  6900  A  ,  with  a 
linevrldth  less  than  0.6  A,  was 

achieved.  In  July  and  October  I9e8netic  system  of  7.8  m  long.  The 


Ml  WV  U1 


M1.M3-btnd<ntiiMrM 
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bypass  focusing  system  is  very  fle-magnetic  field  (at  350  MeV  fixed 


xible  and  it  gives  us  a  possibili¬ 
ty  to  optimize  the  electron  beam 
parameters  in  the  OK  and  to  match 
and  -functions  with  VEPP-3 
arcs  under  different  conditions. 

3.  OK  magnetic  system 

The  OK  magnetic  system  compr¬ 
ises  two  electromagnetic  undula- 
tors  with  a  buncher  (3- pole  wigg- 
ler)  between  them.  The  cross  sec¬ 
tions  of  the  undulator  are  schema¬ 
tically  shown  in  fig.  2  and  its  pa¬ 
rameters  are  given  in  table  1 . 

The  field  in  the  undulator  is 
excited  by  eight  periodically  bent 
copper  buses  with  holes  for  water 
cooling.  The  buses  are  commuted  on 
the  ends  of  the  undulator. 

Each  vindulator  has  68  poles; 
the  ones  on  both  ends  are  wound  by 
one  turn  and  they  have  half  the 
magnetic  potential.  Undulators  are 
installed  on  the  bypass  one  after 
another  and  are  bilaterally  symme¬ 
tric  about  the  centre  of  the  sec¬ 
tion  between  them.  This  automatic¬ 
ally  provides  absence  of  any  equi¬ 
librium  orbit  distortion  in  the 
storage  ring. 

The  electromagnetic  undula¬ 
tors  allow  a  wavelength  of  funda¬ 
mental  harmonics  tunability  from 

o 

1000  up  to  15000  A  by  changing  the 


energy),  i.e.  by  changing  the  K 
factor. 


Pig.  2.  Cross  section  of  the  OK-4 
undulator 


Table  1 

Parameten  of  the  OK-4  undulator 

Undulator  length  |ml  ^  < 

Number  of  period!  ''1' 

Period  (cm) 

Magnetic  gap  |em]  2.2 

Maximum  magnetic  field  along  iheaxis(kO)  5 

Pole  tranrverxe  width  |cm)  9 

Number  of  separate  buses  * 

Cross  section  of  a  bus  (mm‘  |  1 X  >  I R 

Current  consumption  |kA)  22(M 

Power  consumption  (kW]  Wi 


The  gain  values  were  measured 
by  comparing  with  the  optical  cav¬ 
ity  losses  on  the  edges  of  the  ref¬ 
lection  bands,  were  lasing  was  sto¬ 
pped:  10%  at  6000  A,  5.5%  at  4000  A 

o 

and  3*5%  per  pass  at  2500  A. 

4.  Lasing  in  OK 


V/hen  the  OK  is  tuned  above 
threshold,  i.e.  the  OK  gair  is  more 
than  the  optical  cavity  losses  and 
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the  revolution  frequencies  of  the  the  C6-2)  x  10“3  range.  The  measu- 

O 

electron  and  light  beam  are  synch-  red  power  (6  mW  at  6300  A  and  2.5 

o 

ronized,  the  lasing  appears  on  a  mW  at  2500  A)  at  20  raA  average  cur- 
wavelength  where  the  OK  has  a  max-  rent  corresponded  to  the  expected 
imum  gain.  Some  of  the  measured  values.  Because  only  the  average 
spectra  are  shown  in  fig.  3.  lasing  power  is  limited,  we  realia- 

The  relative  lasing  line  width  ed  a  G-switching  mode  of  OK  opera- 
varies  within  the  Kf^tion  to  produce  high  peak  power, 

range,  depending  on  the  detuning  of  The  electron  beam  was  shifted  from 
the  electron  beam  revolution  fre-  the  optical  cavity  axis  using  el- 
quency  from  the  exact  synchronism,  ectrostatic  plates  and  was  period- 
on  the  beam  current  and  or  other  ically  returned  to  the  initial  po- 
parame t  era .  si t ion . 

The  transverse  distribution  of  Tlie  typical  pulse  duration  at 
radiation  intensity  corresponded  to  10  n>A  current  was  0.1  ms  and  the 
the  basic  mode  (TEMqq)  of  the  opti-  power  was  about  50  W  at  6300  A  and 
cal  cavity.  18  W  at  2500  A  wavelength.  An  in- 

Continuous  tunability  of  the  crease  in  electron  energy  spread 
lasing  wavelength  was  attained  by  during  lasing  was  observed  in  both 
changing  the  field  in  the  undula-  cases  (continuous  and  G-switch  mo¬ 
tors.  Its  boundaries  (5800-6900  A,  de).  The  energy  spread  was  calcul- 
3750-4600  A  €Uid  2400-2700  A)  cor-  ated  from  the  bunch  length  measur- 
responding  to  the  reflection  bands  by  a  dissector  /2/  with  30  ps 
of  the  mirrors  were  used.  The  resolution.  The  maximum  meas- 

threshold  current  for  lasing  was  ured  relative  energy  spread  (1.5  x 
1-10  mA,  depending  on  the  optical  10"^)  was  twice  as  large  as  the 
cavity  mirror  conditions.  initial  one. 

The  average  lasing  power  is 

limited  by  electron  beam  energy  5.  Lased  radiation  time  structure 
spread  growth  and  is  proportional 

to  the  full  synchrotron  radiation  For  measurement  of  the  radia- 

power  and  to  the  maximum  admissible  tlon  time  microstructure  we  used  a 
energy  spread.  In  our  case  the  ma-  dissector.  The  radiation  b\mch  re- 
ximum  energy  spread  <r* /g  was  lim-  petition  frequency  is  c/2L  ■  8  MHz, 
ited  by  the  gain  reduction  above  where  L  »  18.7  ra  is  the  length  of 
the  threshold  euid  varies  within  the  optical  cavity. 
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Pig.  3.  Lasing  lines  obtained  on  OK-4. 
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Pig.  4.  The  time  microstructure  of 
the  electron  and  the  lased 
bunch»^s 


Pig.  4  shows  the  time  struc¬ 
ture  of  the  electron  beam  (wide 
peak)  and  the  lased  beam  (narrow 


peak  on  top  of  the  electron  beam. 
The  pulse  duration  of  the  sponta¬ 
neous  radiation  is  equal  to  that 
of  the  electron  bunch  and  the  dur¬ 
ation  of  the  lased  beam  pulse  is 
considerably  less.  This  is  quite 
natural  since  the  gain  is  proporti¬ 
onal  to  the  instantaneous  value  of 
the  electron  current  and,  consequ¬ 
ently,  is  maximum  in  the  centre  of 
the  bunch.  The  lasing  raicropulses 
have  a  duration  time  of  about  200 
ps.  According  to  this,  the  lased 
peak  power  is  about  25  and  9  kW  on 
6300  and  2500  A,  respectively,  in 
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G-switch  mode.  Within  the  optical 
cavity  the  peak  power  was  2.5  MW 
and  1  MW,  consequently. 

6.  Plans 

Preparations  for  further  in¬ 
crease  of  the  lasing  power  and 
shortening  of  the  lasing  wavelength 
are  in  progress. 
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PD.3  New  Features  in  Weak-Fieid  and  Strong-Field  FELs 

IV.  B.  Colson 

Department  of  Physics,  Naval  Postgraduate  School,  Monterey,  CA  93943 

ABSTRACT 

Two  new  features  of  FELs  are  described:  (1)  an  FEL  using  a  long  undulator  with  short  periods 
(small  K)  can  have  classical  gain  above  threshold,  but  may  not  start  because  h  >  0;  (2)  in  high- 
gain,  high-power  amplifiers,  sharp  spikes  may  appear  in  the  normally  smooth  gain  spectrum. 


TWO  TOPICS: 

1.  n  and  FELs  With  Micro-Undulators 

2.  Gain  Spectrum  Spikes  in  FEL  Amplifiers 


1.  hand  FELs  WHh  Micro-Undulators 

•  typical  FEL  osdliator  requirements: 

•  classical  gain  >  loss,  above  threshold 

•  no  significant  quantum  recoil 

•  undulator  assumptions: 

•  Xo  =  1mm,  N  =  1000,  L  =  100cm 

•  gap-0.06cm,  e,=5000G,  ^=1500G 

•  Icons  =  140A  in  a  bifilar  helical  winding 

•  Puntuuor  =  10*  W  at  1mm  wavelength 

*>  weak  undulator  K  =  0.01 


Compact  Visibia  FEL  for  the  Future: 


Look  at  Startup  after  one  pass: 

•  transitions/electron  into  the  coherent  mode 

We  =  (xK^  =  lOr*  where  a  =  e^/he 

•  coherence  volume  is 

•  total  transitions  in  one  pass 

Sy  =  pFN^X%We  =  400  photons 

•  photon  fluctuatkms,  Nf '  =  5% 

»  too  large  for  gain  bandwidth,  0.1% 


Startup  after  many  pasaes: 


•  after  many  passes  =  S^N^G-Q~') 

•  look  tor  steady-state  number  of  photons 

•  if  G  =  0  ->  «  Sy  O  =  4x10*  photons 

•  photon  fluctuations,  Nf '  =  0.5% 

->  still  too  large  for  gain  bandwidth,  01%  !! 

•  photon  fluctuations  <->  bad  undulator 
->  FEL  has  sufficient  gain,  but  won't  start! 


/  =  10A,  ymc^  =  12MeV  (smaller  accelerator) 
Xo  =  1mm.  N  =  1000,  L  =  100cm 
gap-6ro,  ^  =  0.01,  F  =  0.1 
X  =  SxIO^cm,  Wo  =  0.03cm,  r*  =  0.01cm 
Q  =  100.  y  =  1  ->  G  =  10% 

Ayf(=  10“*,  Gy  =2,  t=  10'®crT>-rad,  a,  =  0.5 
fb  is  matched,  Np  =  0.4,  p  =  7x10’^  cm"® 


Design  Issues: 

•  gain  oe  and  K  «  sXo 

•  asXo-»0,  K  S  G  decrease 

•  8  Is  limited  by  8^,  Icon,  or  Pu„dMor 

m>  N  =  1000  makes  gain  above  threshold 


Conclusions 

•  starting  requires  Ny''^  <  N~' 

«>  oOpFX^XoK®  » 1 

•  define  j  =  BN{eKKLfpF/y^mc^ 

and  Xc  =  fvmc  Compton  wavelength 
■>  jOyk  >  {AitffifiXc 

•  assume  FEL  is  just  above  threshold 

»  New  FEL  Startup  Criteria  « 

Y  X  >  AkN  ®Xc 


•  recall  the  quantum  recoil  requirement 
Y  X  »  AnNXc 
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2.  Second  Topic:  Gain  Spectrum  Spikes 


FEL  Power  Growth  Aiong  Unduiator 


•  consider  gain  spectrum  in 

high-gain,  high-power  FEL  amplifiers 

•  nominal  gain  spectrum  usually  starts 

with  results  from  a  perfect  beam 

•  a  new  feature  on  FELs  similar  to  ELF, 

but  with  higher  beam  quality 


FEL  Gain  Spectrum  Shapes 


G(vo)  <=>  G(X)  <=>  G{y)  <=>  G(-S) 
Recall  usual  gain  spectrum  shapes: 


=>  all  these  examples  are 

smooth  curves  of  differing  shape 


High-Gain  and  High-Power  FEL  Ampiifier 


■1^  CftiJI, 

0tr«af  n*U  •ysotaw 

1*00 

_ 

-10  10 


•  observe  spike  on  smooth  gain  spectrum 

•  spike  is  "washed  out"  by  poor  beam  quality 

•  ELF  parameters  with  x5  better  brightness 

•  more  spikes  appear  with  higher  power 


7  =  3000  ao=10 


lower  gain  peak 
at  Vo=  13 


gain  valley 
at  Vo  =  18 


gain  spike 
at  vq  =  20 


past  gain  spike 
at  vo  =  21 


3x10- 


0.0 


0  T  1 


3x10- 


0.0 


Conclusions 

•  existence  of  gain  spikes  essential  for 
FEL  optimization  and  understanding 

•  gain  spikes  may  be  present  on  ELF  II 
with  better  beam  quality 

•  spikes  explain  inconsistent  gain  behavior 
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PD.7 


Operation  of  the  MIT/SRL  1.2  MeV  All-Solid-State 
Induction  Linac 


D.  Goodman,  D.  Birx,  D.  Clarke,  R.  KUnkowitein,  R.  SheCer 
Science  Reiearch  Laboratory 
Somerville,  Maaiachuaetti 

and 


W.  Menninger,  B.  Danly,  R.  Temkin 
Plaama  F\uion  Center 
Maasachuaetts  Inatitute  of  Technology 
Cambridge,  Maaaachuaetta  021.^9 

A  compact,  all-soUd-atate,  1.2  MeV  linear  induction  accelerator  designed  and  built 
by  Science  Research  Laboratory  haa  been  inatalled  and  ia  in  operation  at  tbe  MIT  Plaama 
F\iaion  Center.  The  linac  is  designed  srith  a  4  cell,  600  keV  injector  feUoired  by  a  4 
cell  (+600  keV)  anode  block.  The  pulae  posrer  ia  provided  by  a  SNOMAD  11  accelerator 
driver,  which  delivera  ISOJ/pulae  at  up  to  5  kHs  pulae  repetition  rate.  The  SNOMAD  II 
accelerator  driver  features  all-aolid-state  magnet  pulae  comprcaaioo  technolagy  to  produce 
the  ISO  kV  drive  pulses  from  600  VDC  input.  Experiments  planned  for  this  accelerator 
during  the  coming  year  include  an  x-band  relativistic  klyatron  and  a  17  GHs  CARM 
amplifier.  Preliminary  design  parameters  for  the  relativistic  klyatron  and  CARM  srill  be 
presented. 


MIT/SRL  Induction  Linac  Facility 

.An  induction  linear  accelerator  now  in  operation  at  MIT  will 
be  used  to  dnue  high  power  electron  beam  devices  including 
a  relativistic  klystron  and  a  cyclotron  autoresonance  maser. 
The  new  linac.  designed  /I  built  by  Science  Research  Labs 
of  Somerville.  M.A..  and  installed  in  the  MIT  Plasma  Fusion 
Center,  features  a  completely  solid  state  pulse  generator  as  an 
efficient  reliable  pulsed  power  source.  The  SNOM.AD-II  injec¬ 
tor  uses  SCR-commutated  nonlinear  magnetic  pulse  compres- 
sii.'n  to  produce  150  Joule.  50  ns  duration  pulses  at  a  voltage 
of  150  k\  The  pulses  are  directed  to  four  induction  accelera¬ 
tor  'ells  which  are  plated  in  senes  to  produce  600  kV  on  the 
■  athode  stalk.  The  relativistic  klystron,  which  requires  beam 
parameters  of  apiiro.ximatelv  5(10  .A  at  500  k\'.  will  be  attached 
directly  to  the  injector.  Four  additional  accelerator  cells  will 
be  aijded  to  produce  the  500  .A.  1  2  MeV  beam  required  for 
the  C.AR.M  amplifier  The  relativistic  kivsrrou  and  C.AR.M  are 
e.xpected  to  be  operational  within  a  year  Initial  data  showing 
the  operation  of  the  Linar,  and  design  studies  for  the  klystron 
and  C.AR.M  are  shown  in  this  poster 

I  Linac  Voltage  Waveform 


l!!7n5 

[1  -1  n 

“fpijfj'/ 

ACn  t:  -j 

ilvt.  -^’.T 

-V  - 

\  OElrtf  > 

A  T.Ol'T  ♦ 

xiHr'u 
COHNllI  or. 
TOIAY  ofi 

Induction  Linac  Parameters 

SNOMAD-II  Iixjector 


Energy  per  pulse  150  J 

Pulse  Duration  50  ns 

Injection  Voltage  150  kV 

Repetition  Rate  6  kH* 

Electrical  Efficiency  90  % 


Accelerator  Pcu’ameters 

Cathode  Voltage 
Beam  Current 
Beam  V'oltage 
Cathode  Diameter 


4  X  150  kV  =  600  kV 
500  A 
1.2  MeV 
3.0  in 


Acceleration  Pipe  Diameter  3.73  in 


Parameters  Achieved  (August  1989) 

Pulse  Duration  50  ns 

Beam  Voltage  500  kV 

Beam  Current  2  kA 


Thp  cathofle  stalk 

probp  Thp  sralf  1> 


vrltaitc  IS  meMiircH  hy  a  calibrate.!  capacitive 
k\  vcrtual  20n5/Uiv  horizontal 
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Relativistic  Klystron  ^ 


CARM  Amplifier  Program 


An  X  Rolarivisirir  Klv^tri-n  will  hr  -ifiilod  t.i  tho  ln»lu«  ti.>n 
Liiiat  inf  ht  •'pnng  A  driui  •untahU'  r  uh»'  will  all>  'W  ♦*xppnrn»*nt‘t 
with  h''th  rrawlling  wavr  and  standing  wavp  {single  ravirv; 

•Hfpufs  Klvsrnm  design  using  a  vanetv  -if  ounputer  Tories  is 
-iiig-'ing  at  I'lith  SRL  and  at  Haims*. ii  Research  O-rp  .  Pal-. 
Alt".  C  A  N'"fiiinal  kUsrr-ui  [laran. 'fers  are  sh'twn  beh-w  and 
fvpi'  .il  ompuler  results  are  sh-.wn  in  the  f.*ll..wmg  pages. 


Klystron  Parameters 


t  Operating  Frefjurnrv 

11  c:H7 

(^ufput  P-.wrr 

iiKl  MW 

D»'-\ni  \  .>lfa^e 

■||||)  k\' 

B.'.ani  C'lirront 

jiio  A 

Beam  Radius 

7  lum 

Beam  Pipe  Radius 

In  mum 

.\Ia?nefu-  Field 

G  kG 

LIA-Driven  TE13  Mode  CARM  Amplifier  Design 


Parameter  ^  Design  Value 


Beam  Energy 

1.2  MeV 

Beam  Current 

500  A 

Pulse  Length 

50  ns 

a 

0.6 

Frequency 

17.136  GHz 

Mode 

TEi3 

Guide  Radius 

5  cm 

^ph 

1.137 

P.n 

10  kW 

r),  untapercd 

33  6% 

-0  5% /cm  taper 

46.4% 

^(oper 

0.45  m 

0.96  m 

^sat 

278  MW 

Bo 

4  94  kG 

Detuning  (An) 

0  4 

Future  linear  colliders  will  require  high  frequency  rf  sources 
together  with  high  gradient  accelerating  structures  in  order  to 
be  economically  feasible.  The  cyclotron  autoresonance  maser 
(CARM)  is  a  promising  source  for  application  as  an  rf  accel¬ 
erator  driver.  This  program^  will  investigate  and  e\'aluate  the 
CARM  amplifier  as  an  efficient  source  of  high  peak  power  mi¬ 
crowaves  capable  of  fulfilling  this  future  requirement. 

Experiments  at  a  frequency  of  17  GHz  will  be  performed 
using  two  different  technologies  for  generation  of  the  high  volt¬ 
age  electron  beam  required  by  the  CARM.  A  long  pulse  (1 
fjs).  700  kV"  pulse  modulator  cuid  a  short  pulse  (50  ns).  1.2 
MeV  induction  accelerator  will  be  employed  for  generation  of 
the  electron  beam.  This  will  allow  a  comparison  of  two  al¬ 
ternate  methods  for  producing  the  high  peak  pow'er,  ~50  ns 
microwave  pulses  required  by  the  high  gradient  structures  A 
long  pulse  modulator-driven  CARM  together  with  pulse  com¬ 
pression  techniques,  or  an  induction  linac  driven  CARM  are 
both  capable  in  principle  of  delivering  the  required  rf  pulses 
to  the  structure.  In  both  experiments,  the  details  of  CARM 
amplifier  operation  will  be  investigated,  including  linear  and 
nonlinear  gain,  stability,  efficiency,  and  phase  sensitivity 

^Funded  by  DoE.  Basic  Energy  Sciences  Division. 

^50ppo?^Tc.t>  9’'  SuArATi  'a v.-i 


SINOMAI)  11  I i«>ii  i..ina<'  l)riv«*r 
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